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1 Introduction 
1.1 Preface 
The PhD research presented aimed at elaborating the role of the phyto-hormone 
abscisic acid (ABA) in mediating the absence of the dormancy trait in a naturally 
viviparous species.  The viviparous species, a mangrove, propagates via an intriguing 
dispersal unit known as a propagule.  This is neither seed nor fruit.  Restricted to 
tropical intertidal environments it has been suggested that vivipary gives the 
propagule a survival advantage over dormant seeds.  However, the trait occurs 
indiscriminately and the same intertidal environment hosts both viviparous and non-
viviparous species raising doubt to this suggestion.  It has been found that the 
propagules of viviparous species exhibit comparatively low levels of the dormancy 
inducing hormone ABA suggesting this to be a factor that brings about vivipary.  As 
ABA mediated induction of dormancy is correlated to stages of embryo development, 
the present study focuses on analysing the dynamics of ABA production through 
development.  Furthermore, factors that enable embryos enter the dormancy 
programme and are associated to ABA accumulation such as desiccation and 
maturation proteins are likewise studied in this research. 
 
1.2 The seed plant 
From the time vascular plants colonised the terrestrial environment (450 million years 
ago), they have been faced with the continuous challenge to survive in an ever 
changing environment.  The magnificence of the responses to this challenge is seen in 
the immeasurable diversity of plants colonising the earth today.  Despite the many 
differences giving rise to diversity, plants conduct similar processes and are built on a 
similar architectural plan.  The basic plan is generally split into vegetative and 
reproductive parts.  The vegetative part which is shared by all plants is made up of the 
leaf, whose primary function is photosynthesis; the stem for support; and the root 
which absorbs minerals and water and provides anchorage for the plant.  The 
reproductive part comprises structures that ensure continuance of the species; this part 
splits the vascular plants into two categories.  One category, namely the gymnosperms 
do not enclose their dispersal structure or seed in a specific organ.  Angiosperms 
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constitute the other category having developed the flower with a closed 
megasporophyll, i.e. the closed carpel or ovary which houses their dispersal structure, 
the seed.  The seed is an evolutionary innovation that allows plants to survive a 
variety of environmental conditions.  The large diversity of plants that exist is only a 
fraction of the diversity observed in their seeds.  Where plants may show considerable 
similarity in general form, their seeds vary extensively.  This diversity is reflected in 
size, shape, adaptations for dispersal and vulnerability in various environmental 
conditions.  In spite of the diversity portrayed by seeds, classification into groups that 
relate them to the species from which they originate is made possible by common 
developmental processes they manifest.  One such unifying process is that of seed 
dormancy.  This is a period of quiescence that the majority of angiosperms otherwise 
known as 'orthodox', undergo as part of their life cycle.  Dormancy signals the 
completion of embryogeny (growth and differentiation of the embryo) by arresting all 
morphogenetic activity. 
 
1.3 Dormancy 
Though dormancy is more common in angiosperms, some degree of quiescence 
characterises seeds from all plants in all climatic zones.  Findings from Palaeozoic 
gymnosperm seeds by Mapes, et al. (1989), suggest evolution of the dormancy trait in 
seed plants to have arisen in response to environmental selection pressure.  In moist 
lowland environments where most ancient gymnosperms were found, immediate 
germination of seeds would not result in a reduced fitness.  However, in arid or 
periodically moist environments, unregulated germination would lead to death of a 
large percentage of seedlings.  Under such conditions, Mapes, et al. (1989) propose 
that a delay of seed germination until the onset of the appropriate environmental 
conditions could impart a selective advantage.  Thus, dormancy is thought to provide 
the species with a survival edge in adverse environmental conditions, ensuring non-
extinction.  Dormant seeds are able to preserve their species by making a substantial 
input to the seed bank; they have fine tuned germination timing and by this can 
alleviate sibling competition (Forbis, et al., 2002).  In the 'orthodox' seed, the embryo, 
a product of fertilization develops to maturity but does not germinate (i.e., develop 
into a seedling) under favourable conditions (Bewely, 1997).  In these seeds maternal 
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tissue in the form of a seed coat, facilitates establishment in the environment and 
protects the developing embryo from predation. 
 
The dormancy trait is of significant importance to the human population, which relies 
heavily on the plant kingdom for survival.  In the Indian Ocean area interdependence 
on plant genetic resources is approximately 91%, furthermore plants provide for at 
least 60% of the calories and protein demand in developing countries (FAO, 2003).  
Thus scientific efforts have been awarded to the elucidation of processes that control 
embryo development and identification of key regulatory molecules that would 
provide materials to manipulate this important developmental process.  Derived 
information could be used to reduce weeds such as Avena fatua that exhibit extreme 
dormant phenotypes in the embryo, and pose a significant agronomic problem (Li and 
Foley, 1997).  Additionally, with the current trend for use of transgenic crops to 
ensure food security, dormancy may become an important problem if this trait is not 
adequately studied. 
 
Significant progress has been made in research on dormancy but there remains a gap 
in the information necessary for a full understanding of the regulatory processes 
involved.  Focus of most studies has been on ‘orthodox’ seeds of economic 
importance, ease of analysis and experimental set up, where dormancy is addressed in 
conjunction with the ensuing process of germination.  Germination signals the 
termination of dormancy as the embryo re-establishes active metabolism and develops 
into a seedling.  The present approach addresses key issues regarding whether 
dormancy is the result of a deficiency in some vital cellular events of germination, or 
if there is some dormancy-imposed event that must be negated before germination can 
be completed.  Unravelling dormancy is complex, due to the number of internal 
interacting factors involved and which are compounded by environmental conditions.  
The internal factors that ensure or maintain dormancy are either endogenous or 
exogenous with respect to the embryo and its surrounding tissues.  Endogenous 
factors are those pertaining to the embryo per se (the future seedling), the endosperm, 
a tissue also derived from fertilisation and the testa, which is of maternal origin.  
Exogenous factors are found in tissue external to the seed such as the pericarp (ovary 
wall).  For most dormant seeds a combination of both endogenous and exogenous 
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factors ensure the dormant state of the seed.  These factors manifest dormancy via 
mechanical, physiological or genetic regulatory or control mechanisms. 
 
Mechanical control of dormancy 
Mechanical regulation of dormancy is most obvious in the mature dormant seed 
where the prevention of germination rather than the induction of dormancy, is 
important.  Tissues surrounding the embryo, either of maternal origin such as the testa 
or of zygotic origin like the endosperm can maintain dormancy or prevent 
germination (See Chapter 3).  Lester and Kang (1998) show from work on Solanum 
that the endosperm regulates embryo development particularly in the early stages.  
They localised the influence specifically to micropylar endosperm which aids prevent 
precocious germination.  Testa control of dormancy described in Taiz and Zeiger 
(2002) presents the generalised character of an ‘orthodox’ dormant seed.  This seed 
customarily possesses a rigid testa that mechanically constrains the penetration of the 
embryo radicle.  In Lycopersicon for example, mechanical resistance from the testa 
particularly in the micropylar region has been found to account for 20% of the 
inhibition to germination (Debeaujon and Koornneef, 2000).  Additionally, the rigid 
testa may be impermeable and thus ensure low oxygen supply to the embryo 
inhibiting growth.  Apart from interfering with gas exchange, an impermeable wall 
also prevents inhibiting factors that maintain dormancy from escaping the seed.  Such 
factors may be produced either in the embryo itself, the testa or pericarp suppressing 
germination.  The phyto-hormone abscisic acid (ABA) is a much quoted example of a 
chemical inhibitor that has been shown to induce dormancy in seeds. 
 
Physiological regulation of dormancy 
ABA plays an important role in many aspects of seed growth and development, 
including, maturation, storage accumulation, dormancy induction as well as 
acquisition of desiccation tolerance (Nambara and Marion-Poll, 2003).  The level of 
ABA present in plant tissue necessary for ABA mediated action is determined by the 
dynamic balance between de novo synthesis, degradation and transport between 
tissues.  These three mechanisms are in turn influenced by development, 
environmental factors such as light and water stress, and other plant growth 
regulators. 
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The C15 compound ABA (a sesquiterpene) is synthesised from carotenoids.  
Carotenoids are found in the plastids of plant cells and comprise two carotenes, α and 
β and five xanthophylls.  Carotenoids are synthesised by assembling isoprene units 
which initiate from glyceraldehyde-3-phosphate, the primary product of 
photosynthesis.  Following a series of additive reactions glyceraldehyde-3-phosphate 
(C3) is converted to β-carotene (C40) (See Fig 1a) which isomerises to form 
zeaxanthin, the first key xanthophyll in the synthesis of ABA.  Zeaxanthin is a 
saturated C40 compound to which epoxide molecules are added via a catalytic reaction 
involving the first enzyme committed specifically to ABA synthesis.  The enzyme, 
zeaxanthin epoxidase (ZEP) catalyses the addition of two epoxide molecules 
subsequently to form first antheraxanthin, and following this, two structural isomers, 
all trans-violaxanthin and 9’-cis-neoxanthin (See Fig 1b) are formed.  Violaxanthin 
and neoxanthin are both C40 xanthophylls, known as epoxy-carotenoid compounds as 
a result of the epoxy addition.  To the point where violaxanthin and neoxanthin are 
formed all reactions are carried out in the plastids of the cell.  The next reaction is 
suggested to be the rate limiting step for ABA biosynthesis (Rock, et al.,1991) where 
the enzyme involved, 9’-cis-dioxygenase (NCED) cleaves the epoxy-carotenoid 
precursors to form an unsaturated C15 compound, xanthoxin (See Fig 1c).  Xanthoxin 
is then transported to the cytosol and subsequently converted to ABA in a redox 
reaction involving two enzymes, aldehyde oxidase and short reductase aldehyde via 
abscisic aldehyde.  Two minor intermediate compounds in the conversion to ABA in 
addition to abscisic acid aldehyde have been detected in other systems; these are 
xanthoxic acid (Milborrow, et al., 1997; See Fig 1c-2) and abscisic acid alcohol 
(Rock, et al., 1991; See Fig1c-3).  
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Figure 1:  The ABA biosynthetic pathway in plants.  (a) Carotenoid precursor synthesis from a C5 
compound Isopentyl pyrophosphate (IPP) that originates from glyceraldehydes-3-phosphate via 1-
deoxy-D-xylulose-5-phosphate (DXP).  Two enzymes have been isolated in these initial conversion 
steps, phyotene synthase (PSY) and phytoene desaturase (PDS).  (b) Formation of epoxycarotenoid and 
cleavage in plastid.  The epoxidation of zeaxanthin to violaxanthin is catalysed by zeaxanthin 
epoxidase (ZEP).  The oxidative cleavage of violaxanthin and all trans-neoxanthin is catalysed by 9’-
cis-epoxycarotenoid dioxygenase (NCED).  (c) In the cytosol.  Xanthoxin is converted to ABA by three 
possible pathways (1) via ABA-aldehyde (ABAld) under the reducing influence of short-chain 
dehydrogenase reductase (SDR) and aldehyde oxidase (AO); (2) via Xanthoxic acid also under SDR 
and AO and (3) via Abscisic acid alcohol. 
 
The means by which ABA is removed or transformed to a non-reverting form in 
plants varies between species.  The catabolic pathway followed by the majority of 
species is one where ABA is hydroxylated to form an unstable intermediate known as 
8’-hydroxy ABA.  The intermediate compound cyclizes spontaneously, forming 
Phaseic Acid.  Both 8’-hydroxy ABA and Phaseic Acid retain some ABA like activity 
and have been shown to induce ABA related response under experimental conditions 
(Cutler and Krochko, 1999).  In their review of ABA metabolism, Cutler and Krochko 
(1999) show that Phaseic Acid can be reduced further to produce Di-hydrophaseic 
Acid which does not exhibit any ABA like activity and is thus considered an inactive 
form of ABA.  Other minor metabolites of have been reported, the most common 
example being ABA- glucose ester.  This has not been shown to exhibit significant 
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biological activity and thus can not be considered a reserve form of ABA (Zeevaart, 
1999). 
 
The manner in which ABA exerts its’ influence in plant processes is best exemplified 
by the accumulation patterns under varying conditions.  In reproductive structures 
such as seed, accumulation is determined by development.  In vegetative tissues of 
roots and leaves various levels of environmentally induced stresses result in increased 
levels of ABA and or its metabolites e.g. phaseic acid (Li and Walton, 1990; Cornish 
and Zeevaart, 1984).  Though common, this is with some exception where ABA 
metabolism depends on the physiological age of the tissue in non stressed plants (See 
Chapter 2).  ABA mediated responses do not always result from in situ synthesis, 
particularly in vegetative tissue where drastic changes occur in cellular environment 
during stress.  There, re-location of the hormone takes place via the vascular system.  
Under most circumstances a plant subjected to drought stress synthesises ABA in the 
root, which is then readily transported to the leaf via the xylem.  This re-location is 
best exemplified by ABA mediated stomata closure in water stressed plants where 
ABA is redistributed between cellular components based on chemistry and pH.  The 
xylem sap of well watered plants tends to be slightly acidic (pH 6.3); under drought 
stress the sap becomes increasingly basic (pH 7.2).  This change in pH induces ABA 
to de-protonate to ABA-.  In its dissociated form ABA cannot cross the plasma 
membrane to enter the mesophyll cells and reverts to entering the guard cells inducing 
stomatal closure although absolute levels of ABA in the entire leaf may not have 
changed (Beardsell and Cohen, 1975). 
 
In developing ‘orthodox’ seeds ABA accumulation is associated with the processes of 
maturation, onset of desiccation and dormancy.  Elucidation of the ABA biosynthetic 
pathway was established using leaf tissue and little physio-chemical work to this 
respect has been done in seeds.  In seeds assays for the hormone through development 
reveals in situ synthesis during mid to late embryo maturation.  In ‘orthodox’ seeds 
the maternal tissue (testa) generally shows a higher ABA content than the embryo and 
its’ surrounding endosperm (Nambara and Marion-Poll, 2003). However, in vitro 
experiments suggest that ABA synthesised by the embryo per se is crucial for the 
induction of dormancy (See Chapter 4; Leubner-Metzger, 2003; Belefant-Miller, et 
al., 1994). 
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Genetic factors in dormancy 
Precise mechanisms of how ABA is involved in regulating the onset of dormancy 
have yet to be established, despite significant research efforts (Bewely, 1997; 
Koornneef, et al., 2002).  The findings so far are based on analysis of mutated plants 
which suggest that the absence of, or insensitivity to, ABA during seed development 
results in the production of viviparous or precociously germinating seeds.  Mutants 
showing little or no dormancy have been characterised from both dicotyledonous and 
monocotyledonous species.  Examples include maize viviparous (vp), tomato sitiens 
(sit) and Arabidopsis ABA-deficient (aba) and ABA insensitive (abi) mutants 
(McCarty, 1995; Koornneef, et al., 1984). 
 
Investigations so far describe dormancy as being brought about by the loss of water 
and a general shutting down of gene transcription and protein synthesis, not only in 
the embryo but throughout the seed.  Thus, to adapt the cell to the special conditions 
of dormancy, specific gene expression is required.  The ABA insensitive mutants’ vp1 
and abi3 are programmed to germinate even in the presence of the inhibitor ABA, and 
this has been taken to indicate that the corresponding wild-type gene products are 
involved in mediating dormancy.  Gene products of vp1 and abi3 both encode 
transcriptional co-activators and their failure to be synthesized results in a number of 
pleiotropic responses.  Reciprocal crosses between ABA deficient mutant and wild 
type plants further confirm that dormancy is initiated from embryonic ABA, thus 
maternal ABA does not play a significant role in dormancy (Bonetta and McCourt 
1998). 
 
In addition to inhibiting germination in seeds, the phyto-hormone ABA is known to 
stimulate the accumulation of maturation proteins.  The maturation-phase 
polypeptides (mainly globulins) are regulated by ABA in two pathways both of which 
involve products of Transcription Factors mediated by ABA.  In early development a 
peak of ABA appears to initiate both the synthesis and storage of globulins and to 
limit the embryos capacity to take up water.  This event seems to stimulate the 
accumulation of a second class of prominent proteins that can also be induced by 
growth in high osmotic media in vitro.  A high osmotic environment may not 
necessarily lead to measurable increases in ABA levels.  However, it does block 
germination in mutants deficient in ABA synthesis such as vp5.  As long as 
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germination is suppressed, embryos that had initiated globulin synthesis continue to 
accumulate them in the absence of ABA.  Precocious germination of such embryos 
leads to gradual decrease in globulin synthesis after about 12hrs in maize. 
 
1.4 Desiccation 
In seed dormancy, desiccation is a necessary pre-requisite for the completion of the 
life cycle of ‘orthodox’ seed.  During desiccation the mature embryo loses up to 90% 
of its cellular water content a feature thought to be necessary for subsequent 
germination to occur (Ingram and Bartels, 1996).  Orthodox seeds possess a number 
of factors that protect their cellular structures during this drastic period of water loss.  
At tissue level, specific molecules associate with macromolecular surfaces by both 
hydrophilic and hydrophobic water binding interactions.  Survival of a desiccation 
experience depends on the cellular ability to retain water.  Desiccation sensitive 
species are suggested not to possess adequate water binding properties.  Additionally, 
they possess disorganised membranes which are more permeable and less prone to 
desiccation damage.  Other protecting factors like sugars interact with membrane 
lipids at low water content to form hydrogen - bonds between hydroxyl groups and 
phosphate groups in the phospholipids head, thus sugar replaces water and maintains 
the hydrophobic-hydrophilic orientation in the absence of water.  Furthermore, sugars 
serve to protect proteins during desiccation by vitrification.  Specific groups of 
proteins that accumulate during embryo maturation like the Late Embryogenesis 
Abundant proteins (LEAs) exhibit expression patterns that strongly suggest a role in 
desiccation.  Of particular interest is a group of LEAs known as dehydrins (See 
Chapter 5) whose expression in most species is regulated by exogenous ABA. 
Like with dormancy, studies that attempt to unravel the mechanisms of desiccation 
tolerance or sensitivity utilise vegetative tissues and little attention has been paid on 
seed specifically.  Other studies employ callus from species like Crateostigma (the 
resurrection plant), which is a useful tool for analysis as it can be manipulated and 
subjected to conditions that emulate desiccation.  Like with the dormancy 
investigations, mutant analysis has revealed a significant amount of information 
regarding desiccation.  From the desiccation sensitive mutants such as flacca 
(tomato), abi 1-5 (Arabidopsis) and droopy (rice) a number of mechanisms involved 
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in desiccation have been determined.  Some of these mechanisms are associated with 
ABA (Ingram and Bartels, 1996). 
 
Contrary to ‘orthodox’ seeds, ‘recalcitrant’ species can not tolerate low levels of 
moisture during maturation and when subjected to drying it proves to be fatal.  A 
review by Pammenter and Berjak (2000) highlights some of the findings on 
evolutionary aspects and ecological consequences of recalcitrance or desiccation 
sensitivity observed in a few species to date. Surprisingly, the studies suggest the 
ancestral mode of dispersal for angiosperms to have been seedlings rather than seeds.  
The pertinent environment is tropical with large woody seedlings as the dispersal unit.  
Recalcitrance is thus suggested to be advantageous over desiccation tolerance (seen in 
orthodox seeds) in that the seedling fares better than the seed as a dispersal unit, 
particularly when subjected to predation due to increased size.  The authors make note 
of the occurrence of present day recalcitrant plants in seasonal and stressful habitats 
but accede that the regeneration niche is probably more specialised. 
 
1.5 Vivipary 
In addition to not surviving desiccation, some recalcitrant seeds exhibit varying forms 
of vivipary thus presenting an interesting challenge for research into possible causes 
for this deviation.  Vivipary is defined as continued growth and penetration through 
the pericarp by the embryo while still attached to the maternal plant.  When the 
embryo penetrates the pericarp prior to dispersal the plant is considered truly 
viviparous; and if penetration of the pericarp is post dispersal, crypto-viviparous.  In 
cases where the embryo is formed asexually, giving rise to plantlets and bulbils, it is 
termed pseudo viviparous.  In nature true and crypto-viviparous plants are found 
restricted to shallow marine environments in the tropics and sub-tropics, whilst 
pseudo-viviparous species are more common in temperate regions (Elmqvist and Cox, 
1996). 
 
Early suggestions implying vivipary to dominate under uniform climatic conditions 
have since been disputed as the trait occurs in unrelated angiosperm taxa, thus 
suggesting convergent evolution on various occasions.  Naturally viviparous species 
are found chiefly in tropical to sub-tropical inter tidal areas particularly in the 
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mangrove habitat.  Mangrove members of the Rhizophoraceae are good examples of 
angiosperms with this trait.  Other species also from the marine environment are the 
crypto-viviparous mangrove Avicennia and members of the sea grass genera 
Amphibolis and Thalassodendron likewise possess this trait.  The occurrence of 
vivipary in non related species is suggested to imply an adaptive advantage for 
survival in the mangrove habitat.  Two hypotheses have been put forth but with only 
sparse evidence they cannot be true.  One hypothesis suggests that the larger size of 
the dispersal unit influences the dispersal distance of the propagules allowing 
colonization of a wider area.  In complementing this, the other hypothesis presumes 
that a larger dispersal unit would possess the necessary protection and reserves to 
effect establishment in the environment, having attained this from the maternal plant 
(Hogarth, 1999). 
 
1.6 Rhizophora mucronata as a model species to study vivipary 
The species selected for study, Rhizophora mucronata Lam. is a member of the 
Rhizophoraceae, a family with about 1000 tropical species.  They belong to the order 
Malphigiales, though under the Cronquist classification they have their own order.  
The best known members are the mangrove trees which belong to the tribe 
Rhizophoreae of which Rhizophora is a member.  The members of the Rhizophoreae 
tribe are the only angiosperms known to be truly viviparous.  Hypotheses postulated 
as to why members of the tribe possess the vivipary trait focus on environmental 
conditions of the mangrove habitat.  
 
According to the description in the Flora of Tropical East Africa (Lewis, 1956), 
Rhizophora mucronata Lam., is a glabrous tree with reddish brown bark that grows to 
a maximum height of 25m when growing in riverine areas.  The mucronate apex of 
the elliptical dark green leaves gives the species its’ name.  The abaxial leaf surface 
which is a shade lighter than the adaxial side, carries cork dotted glandular structures 
that aid the plant to disperse salt.  The flower is axillary and consists of a yellow calyx 
with four thick, hard lobes, and four white hairy petals that alternate with the calyx 
lobes.  The reproductive structures include an ovoid conical ovary with a 2mm style 
and a bifid stigma; the male part consists of 8 stamens whose anthers are 
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approximately 6mm on 1mm filaments.  The mode of reproduction is sexual, true to 
angiosperms only that the dispersal mode is viviparous. 
 
Rhizophora mucronata is a mangrove; this name is given to the woody tropical trees 
or shrubs restricted to intertidal and adjacent communities (Tomlinson, 1996).  The 
mangrove environment is exclusively tropical with infrequent occurrence in sub-
tropical areas.  In East Africa mangroves are found between longitudes 30oE & 45oE.  
Generally, mangroves cannot tolerate sea-surface temperatures lower than 24oC; 
however, in Africa this limit is closer to 27oC.  Sea temperature tolerance is extremely 
variable as seen in the distribution of mangroves around the globe; the southern limit 
of mangroves in Pacific South America is around 3o40' S and in East Africa they 
extend to 33oS.  The variation in tolerance to temperature has been demonstrated for 
species such as Avicennia and Rhizophora (Markley, et al., 1982; McMillan, 1975).  
However the information is inadequate to draw conclusions for all mangroves, leaving 
the physiological basis for differential temperature tolerance unexplained.  The trees 
generally endure air temperatures lower than 24oC but tolerate very little frost and 
temperatures around 5oC are detrimental.  The substrate in which the trees are rooted 
is richly organic being mainly peat that originates from accumulated underground 
portions of mangrove root systems.  In muddier substrates disturbance produces a 
strong smell of hydrogen sulphide, indicating the anaerobic character of water-logged 
soil.  Likewise the redox potential from aerobic (+700 mV) to extreme anaerobic (-
300 mV) provides a range of values that influences the soil chemistry (Clough, et al., 
1983).  As the redox potential decreases, oxygen is reduced to water and carbon 
dioxide is reduced to methane at the lowest soil levels. 
 
Existence in the inter–tidal zone between fresh and salt water environments presents a 
challenge for species that must adapt to varying salinities.  Mangroves deal with 
variable and high salinities by exclusion, secretion and accumulation.  Exclusion 
involves the blockage of salt water through the hydrophobic action of lenticels.  
Lenticels on mangroves also provide additional air exposure for respiration.  The 
second form of salinity adaptation is that of secretion.  Generally, salt is often secreted 
from the bark of stems and roots, though some species such as Avicennia possess 
additional features like hairs on the lower leaf surface for salt secretion.  These hairs 
remove salt from the leaf surface preventing osmotic water withdrawal from the leaf 
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(Osborne and Berjak, 1997).  The third method of dealing with variable/high salinity 
is by accumulation.  Some mangroves have microscopic salt glands in epidermal 
depressions of the upper leaf surface, (Dschida et al. 1992) that rely on metabolic 
processes to function.  Thus the gland cells have elevated numbers of mitochondria, 
ribosomes, and other organelles (Tomlinson, 1986). 
 
Tidal fluctuations in the mangrove environment subject the plants to conditions that 
vary from floods to drought-like.  Mangroves cope with water logging and low 
aeration partly by numerous lenticels on both stems and roots and specialised roots.  
In Rhizophora specialised aerial roots grow high up on the stem (up to 2 meters above 
the ground) and are only slightly embedded in the sediment, thus facilitating more 
exposure to the atmosphere than in typical underground root systems.  The aerial roots 
are largely aerenchymatic, allowing diffusion of air through the large pores to be 
transported to other parts of the plant.  Other specialized root structures found in 
mangroves are pneumatophores.  These are extensions of the root system that have a 
high numbers of lenticels plastered throughout the extension.  These appendages 
stretch out above the ground in order to increase aeration of the tree.  In addition to 
this plethora of adaptations, mangrove trees also utilize leaf position to reduce water 
loss.  The photosynthetic process facilitates assimilation of carbon dioxide at the 
expense of water.  Thus most mangroves have developed a tendency to angle their 
leaves towards the stem so as to decrease leaf temperature and therefore the 
evaporation of water.  The angle increases as salinity and evaporation risk decreases. 
 
The intriguing trait of vivipary in mangrove was proposed by early ecological studies 
to be an adaptation for survival in the mangrove habitat.  However, information 
gathered to date, suggests vivipary to be attributed to species specific internal 
biochemical regulators such as phyto –hormones and compounded by environmental 
factors (Tomlinson and Cox, 2000).  Like in other angiosperms, phyto-hormones play 
an important role in development, growth and dispersal of mangrove seeds, which in 
some cases like Avicennia and Rhizophora skip drying at maturation, and remain 
metabolically active throughout development (Farrant, et al., 1992; Farrant, et al., 
1993).  In Avicennia marina phyto-hormones like cytokinin (particularly zeatin 
riboside) accumulate in both axes and cotyledons during reserve accumulation.  The 
level of ABA stays low during this period making them sensitive to desiccation, 
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though there is a slight increase in desiccation tolerance with development (Farrant, et 
al., 1993).  Farnsworth and Farrant (1998) suggest that the ABA levels in Avicennia 
should be interpreted as a trade off between salinity adjustments of the parental plant 
and the developmental demands of the embryo.  As Avicennia marina is crypto-
viviparous and not a taxonomic relative of Rhizophora, similar experimentation needs 
to be carried out with Rhizophora to confirm and postulate generalizations about the 
vivipary trait and thus to fully understand what entails true vivipary as means to 
elucidate further regulatory mechanisms for dormancy.  
 
1.7 Specific objectives of the research 
The central question in this thesis is deducing the role of the phyto-hormone ABA in 
the induction of dormancy and desiccation tolerance in mangroves as a means to 
explain the mechanisms underlying vivipary.  To this purpose a number of objectives 
were put forward to guide the analyses; 
1. Determine and or identify morphological divergences in development of the 
 viviparous embryo (fertilization, maturation and dormancy) 
2. Establish functional mechanisms of ABA synthesis in developing embryos. 
3. Quantify ABA levels through development. 
4. Identify embryonic tissue specific for ABA accumulation. 
5. Analyse expression of genes and proteins that are associated to ABA levels 
 and confer desiccation tolerance. 
 
1.8 Outline of the thesis 
Having depicted the events leading to the questions addressed in this thesis in chapter 
one, chapter two was initially intended to outline the design and development of 
experiments used in subsequent chapters to answer questions central to the thesis.  
However, in addition to proving a successful chapter on methodology, the results 
provided new information on the potential role of ABA and desiccation proteins in 
developing mangrove leaves.  Chapter three provides a categorical representation of 
the morphological development of viviparous embryos up to the point of germination, 
which is a defining point in the current research question. In chapter four, 
accumulation profiles of ABA and its' precursors through development are presented, 
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additionally localisation of ABA in embryonic tissues is shown.  Chapter five 
considers the association between dormancy, ABA and desiccation, qualitatively 
analysing the presence of factors that confer desiccation tolerance in ‘orthodox’ seeds.  
The factors analysed are proteins that accumulate during late development of embryos 
and are associated with dehydration.  Having observed proteins in the embryo that 
would potentially confer desiccation tolerance, the identity and similarity of these 
proteins to others recorded in literature seemed a logical path to follow.  With little 
success in obtaining informative results, chapter six presents the methods used to try 
and clone the dehydrins and other maturation genes from Rhizophora mucronata.  
Lastly, chapter seven provides a general discussion on the implications of the 
findings achieved in this thesis and future studies that would benefit the understanding 
of vivipary in angiosperms. 
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Abstract 
Abscisic acid (ABA) and dehydrin proteins are thought to confer tolerance to plant tissue 
under physiological stress and drought.  Rhizophora mucronata, found in the mangrove 
habitat experiences physiological drought from fluctuating high saline conditions and loss of 
leaves or senescence is considered a possible regulation mechanism to combat stress.  Levels 
of ABA and proteins that cross reacted with an anti – dehydrin antibody were assessed 
through development with the aim of correlating these factors to physiological water stress or 
salinity stress in R. mucronata leaves.  Younger leaves showed lower levels of ABA than 
mature and senescing leaves. In situ production and translocation from mature to younger 
leaves may contribute to these observations.  Presence of ABA in senescing leaves is thought 
to be due to the presence of low levels of physiological activity.  Proteins detected by anti – 
dehydrin antibody require cDNA confirmation but increasing intensity of a band at ~64kDa 
through development suggests potential correlation to drought or salinity stress which is 
expected to be maximal in maturing leaves.  The absence of the dehydrin – like proteins in 
senescing leaves is due to the lack of energy investment to synthesise these proteins in dying 
leaves. 
 
2 Introduction 
Leaf Senescence 
All angiosperms possess the ability to photosynthesise via light harvesting pigments 
housed in the chloroplast of leaves.  The captured light energy is used to transform 
carbon dioxide from the atmosphere and water from the soil into carbohydrates that 
are utilised in the plant’s metabolism.  Additional nutrients necessary for plant 
development, such as minerals and water that can not be synthesised are taken up 
from the environment via the root and vascular systems. 
 
Thus leaves are crucial organs for plant development and a significant amount of 
energy is invested in their production.  Generally, leaf development follows internally 
programmed stages of initiation, growth, maturity, senescence and abscission (Gan 
and Amasino, 1997).  The growth stage comprises division for expansion and 
differentiation into various cell types that determine the final form and function of the 
leaf. During maturity the leaf imports and metabolises minerals such as nitrate and 
sulphate whilst maintaining its' value as a photosynthetic organ.  After a 
photosynthetic active period, the leaf’s contribution of photosynthate to the plant 
diminishes and it enters a period of senescence. 
 
Leaf senescence is a form of terminal differentiation, a phenomenon essential for 
survival in plants.  In promoting the death of their own cells, plants are able to survive 
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harsh environmental conditions by reducing their water losses and energy 
requirement.  Senescence in leaves is regulated by endogenous and environmental 
factors.  Plant age, reproductive development, and levels of regulatory components 
such as hormones and reactive oxygen species represent known endogenous factors 
regulating senescence.  Environmental cues affect leaf senescence in a ratio dependent 
manner, some increase whilst others decrease senescence.  Factors increasing 
senescence include soil nutrient limitations, water deficiency, high salinity, and 
excessive heat, phyto-toxic compounds like ozone, high solar radiation and darkness.  
On the other hand, decapitation and the removal of flower and fruit, decrease 
senescence (Munné-Bosch and Alegre, 2002). 
 
Loss of chlorophyll manifested as a colour change from green to yellow or red is 
regularly used to identify senescing leaves.  The colour change starts at the leaf 
margin and gradually progresses towards the blade interior.  It is a result of 
chlorophyll degradation following the disassembly of the chloroplasts and or 
anthocyanin accumulation.  Simultaneous to the degradation of chlorophyll, a number 
of cellular proteins are degraded to their amino acid components and transported back 
to the plant via the vasculature.  This is a form of nutrient recycling that allows the 
plant to retain valuable resources.  The same mechanism is observed for 
carbohydrates and a number of minerals (Slim et al., 1996). 
 
Abscission, the final programme of leaf development is often associated with 
senescence.  At this point, specific cells in the leaf petiole differentiate to form an 
abscission layer allowing the senescing leaf to separate from the plant (Taiz and 
Zeiger, 2002). 
 
ABA and senescence 
The plant hormone Abscisic acid (ABA) is indirectly linked to senescence via its 
regulatory role in water deficiency stress. Endogenous levels of ABA are known to 
increase when plants are drought-stressed.  In leaves the relation between ABA 
accumulation, stomatal resistance and water potential has been described for a number 
of species (Wang et al., 2001; Zhang and Outlaw, 2001).  When leaf age is 
considered, stress-induced ABA accumulates to the greatest extent in young leaves of 
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Xanthium strumarium despite the fact that mature leaves wilt earlier than younger 
ones (Cornish and Zeevaart, 1984).  Based on these observations and other 
experiments, Cornish and Zeevart (1984) suggest higher ABA levels in young leaves 
to be a cumulative result of transport from older leaves and slow break down of ABA 
as opposed to in situ production only.  Furthermore, Boyer and Zeevaart (1983) found 
that leaves stressed following detachment from the plant show little increase in ABA 
levels, indicating that experiments on whole plants are necessary for meaningful 
observations.  The ABA induced responses described above rely on rapid synthesis in 
vegetative organs like leaf.  The biosynthesis pathway of ABA has been shown to 
initiate from C40 carotenoids in plastids which, through a series of epoxidation 
reactions. After cleavage form a C15 compound known as xanthoxin it is then 
transported to the cytosol and via subsequent reactions converted to ABA (See 
Chapter 1). 
 
The mangrove leaf 
The mangrove environment is one of fluctuating salinity (35 ppt maximum) with an 
osmotic potential of -2.5 MPa (See Chapter 1), the plants are thus subjected to 
physiological drought stress of variable extent.  Additionally, the sediment is flooded 
periodically creating anaerobic conditions.  A number of mechanisms have been 
developed in various tissue parts of mangroves to cope with stress.  For example, to 
adapt to the redox state of the soil, some mangrove trees like Avicennia have 
developed specialised aerial roots known as pneumatophores that protrude out of the 
sediment enabling aeration.  Other mangrove species possess stilt or aerial roots as 
seen in Rhizophora; these grow above the water into the sediment.  The presence of 
lenticels is another adaptation seen in mangroves, these are structural modifications 
on the shoots and roots (pneumatophores) that help exclude excessive salt uptake.  
Furthermore, the leaves of some mangroves like Avicennia show structural 
adaptations in the form of glandular structures on the epidermal surface that ensure 
excess salt uptake is accumulated and secreted.   
 
In Rhizophora the leaves do not possess obvious structural modifications as an 
adaptation to the mangrove environment.  Suggestions from early work on 
Rhizophora mangle are drawn from the observation of a thick leathery leaf and thick 
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cuticle which may aid the plant to combat physiological drought stress (Feller, 1996).  
Generally, thick leathery leaves otherwise known as being sclerophyllous are 
characteristic of xeromorphic traits that prevail in dry environments where water is 
scarce.  The rare occurrence of sclerophylly in wet environments where water is 
abundant is accounted for by physiological unavailability of water, i.e. water quality 
being not conducive for plant development (Read and Sanson, 2003).  Sclerophylly is 
thought to promote water retention and reduce loss by leaching from the plants.  
Studies that address the adaptive significance of this apparent xeromorphic trait in 
Rhizophora find little correlation with environmental stresses such as salinity 
(Camillier, 1983) and nutrient availability.  This suggests that the sclerophyllous 
character of the leaves alone contributes little to protection of the plants in the 
mangrove environment (Feller, 1996).  In the study by Feller (1996), sections of 
Rhizophora mangle leaf showed no sunken stomata, a feature characteristic to 
xerophytic species suggesting that Rhizophora is not a true xerophyte.  These results 
suggest that there may be alternative mechanisms in Rhizophora leaves that combat 
the physiological drought stress, or that the plants may be are evolving towards true 
xeromorphism. 
 
In addition to structural mechanisms, some authors have suggested leaf abscission to 
be a mechanism by which mangroves can dispose of excess salt with the aim of 
protecting younger tissue (Munns, 1993; Hasegawa, et al., 2000).  However, little is 
recorded in literature on the relation between leaf development and water deficiency 
or salinity stress in mangroves.  The only information available is of the influence of 
temperature, an indirect inducer of water stress, which plays a role in leaf abscission 
in mangroves.  This information is extrapolated from leaf fall studies; leaves fall 
earlier in the hot and wet season and later in the cool relatively dry season 
(Tomlinson, 1996).  Thus, in this paper we look at the presence of ABA and 
desiccation factors in developing R. mucronata leaves as probable mechanisms for 
dealing with stress that could be related to excessive salt uptake. 
Dehydrins 
Physiologically unavailable water and varying salinity extremes in the mangrove 
habitat present stressful conditions for survival.  This form of stress is not unique to 
mangroves and is experienced by most plants due to their sessile nature not being able 
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to avoid inevitable changes in the environment.  A number of protective mechanisms 
to cope with stress exist at the cellular level.  They include the expression (or 
production) of proteins that may protect the cell’s metabolism (Ingram and Bartels, 
1996).  In particular, the expression/ production of a group of hydrophilic proteins 
known as dehydrins are a common response to water deficiency stress.  Dehydrins are 
a class (D-II) of the Late Embryogenesis Abundant (LEA) family of proteins, which 
typically accumulate in late embryogenesis in seed (See Chapter 4) during 
desiccation, or in response to ABA.  In vegetative tissues, factors that induce dehydrin 
expression include low temperatures and other environmentally imposed stresses such 
as drought and salinity (Close, 1996, 1997; Ingram and Bartels, 1996).  The precise 
function of dehydrins in plants is not clear, though the proteins have been isolated 
from a wide range of organisms from cyano-bacteria to vascular plants.  A suggested 
function is that of cellular stabilisation via protein chaperoning and ion sequestration.  
This is based on deductions from molecular structure and expression profiles under 
experimental conditions (Rorat, et al., 2004).  In vegetative tissues of for example 
leaves, dehydrins are mainly expressed during dehydration and/ or other 
environmental stresses.  A few dehydrins have been observed under non-stress 
conditions (Rinne, et al., 1999; Nylander, Svensson et al., 2001); this would suggest 
that dehydrins might serve other functions that than those related to stress. 
 
In addressing ABA as a possible factor influencing senescence of mangrove leaves, a 
complementary study of dehydrin presence provides a wholesome scenario of 
potentially protective mechanisms involved in the development process. 
 
In this chapter, we ask the questions:  
1. Do the leaves of R. mucronata in vivo synthesise ABA in an age dependent 
 manner possibly conferring a role in protection of younger leaves? 
2. Do the leaves of R. mucronata synthesise dehydrins and if so, does this occur in 
 an age dependent manner and can this be correlated to salinity or physiological 
 drought stress? 
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2.1 Experimental 
Leaf age and sampling 
Mangrove leaves were collected from R. mucronata stands in Mbweni fishing village 
40Km from the city of Dar es Salaam in Tanzania.  The Mbweni mangrove ecosystem 
is characterised by six hourly inundations with ocean water and occasionally this is 
diluted with fresh water from a seasonal stream that flows through the area.  Thus the 
salinity fluctuates between ( )  
 
Mangrove leaves grow to full size in a few weeks, meanwhile accumulating various 
ions in their vacuoles and then remain on the tree for months until senescence and 
abscission (Tomlinson, 1996).  A new leaf pair is produced approximately every 
month, so the node number is approximately equal to the age of the leaf in months.  
Data are from leaves from 4 branches.  Senescing leaves were identified as those that 
showed colour change from green to yellow. 
 
Terminal branches with attached leaves were placed in plastic bags and taken 
immediately to the laboratory where they were washed, categorized and subsequently 
lyophilised.  The green leaves were subjectively grouped into five age classes based 
on nodal position and length (See table 1); a sixth class was that of the yellowed, 
senescent leaves.  Only leaves that fit the selected class criteria were used in the 
analyses to minimise differences that may result from overlapping samples.  Likewise, 
differences in maximum surface area were eliminated as uniform weights from 
lyophilised tissue were used for the analyses.  
 
Table 1:  Classes and characteristics for R. mucronata leaves sampled from Mbweni Fishing 
village.  Nodal position indicates position from branch tip.  Colour character considers all shades of 
green to be the same.  Length and width of leaf blade only were measured; the petiole is not included in 
the analysis.  Class sizes 4, 5 and 6 show no change in width.  
Leaf class Nodal position Characteristics Length / Width (cm) 
L1 1 Green 10/4 
L2 3 Green 14/6 
L3 5 Green 16/8 
L4 7 Green 18/10 
L5 9 Green 20/10 
L yellow not considered Yellow 20/10 
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Extraction and Identification of carotenoids 
Slight modifications to a protocol from Parry, et al., (1990) were employed.  Briefly, 
1g of lyophilized tissue was ground in liquid nitrogen and suspended in 5ml cold 
ethanol with Butylated-hydroxy-toluene (BHT 100mg/L, as an antioxidant) and 0.1% 
w/v Tri ethyl acetic acid (to maintain the alkaline pH).  The suspension was extracted 
for 12 hrs on a shaker at 4 o C, and then centrifuged at 10,000g and filtered through a 
Sep-Pak-C18 Waters column.  Back extractions for 6 hrs were performed twice to 
ensure maximum extraction was achieved.  Extractions were pooled and concentrated 
by evaporation under vacuum of 300C till dry.  The samples were then re-suspended 
in 1000 µl ethanol and 20 µl aliquots were separated on an S5 ODS2-Spherisorb 
column with 4.6mm i.d.  The column was loaded on a 600E Waters reverse phase 
HPLC system controller.  Elution was performed with a linear gradient of 10-50% Y 
in X over 45 min at 1 ml /min, where X is 85% methanol (+0.1% Triethyl amine; w/v) 
and Y is 6:4 dichloromethane: methanol.  The eluate was monitored at 440 nm.  Runs 
were done in duplicate.  Internal standards for zeaxanthin and lutein (Fluka, 
Switzerland) and for neoxanthin and violaxanthin (Chromadex) were used to ascertain 
peak identity and calculate xanthophyll concentration. 
 
ABA sample purification for ELISA  
The samples in ethanol following the HPLC analysis (~ 960 µl) were further purified 
for Indirect ELISA according to a method from Davelaar (Pers. comm.).  Briefly, the 
samples were evaporated to almost dryness.  The resulting residue was taken up in 5 
ml phosphate buffer (KH2PO4/ Na2HPO4, 0.1M, pH 6.0) and then purified by passing 
through a column of polyvinylpolypyrrolidone (PVPP, 3 X 2 cm) in phosphate buffer 
pH 6.0.  The resulting eluate was at least 25 ml.  The eluate was then acidified to pH 
2.5 (H3PO4) and partitioned 3 times against equal volumes of dichloromethane.  The 
combined ABA containing dichloromethane layers were loaded on to a Sep-Pak silica 
Waters cartridge.  ABA was eluted with 10 ml methanol and evaporated until dry.  
The dried samples were stored at -70 o C until analysed.  Prior to analysis the samples 
were taken up in 1000µl of Tris buffered saline (TBS) of pH 7.8. 
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Synthesis of a Hapten-Protein conjugate 
The hapten protein conjugate ABA – 4’-p-aminobenzoyl hydrazone (ABA-ABH), 
was synthesised following a protocol from Quarrie and Galfre (1985).  Here the 
hydrazone reacts with 4th ring carbon of the ABA molecule.  In accordance with the 
protocol, ABH was re-crystallised from boiling methanol and traces of remaining 
solvent were removed under vacuum.  3.1mg (20.5µmol) ABH was dissolved in 
610µl of Methanol (MeOH) containing 1M Acetic acid and added to 2.7mg (10µmol) 
of 2-cis, 4-trans-ABA (Acros).  The mixture was then briefly purged with oxygen-free 
nitrogen gas and left in the dark at room temperature (20 – 25 o C) for 3 days. The 
solvents were then removed under nitrogen and the residue was partitioned between 
0.1M Borate buffer (BB, pH 9.0) and 100% Ethyl acetate (EA) at least twice.  The 
aqueous phases were collected and pooled before adjustment to pH 4.5 with HCl.  The 
mixture was then extracted several times with EA. Following this the organic phases 
were pooled and purified by preparative Thin layer chromatography (TLC) in toluene: 
EA: MeOH in a ratio of 2.5:7.5:1.5 respectively.  The UV-absorbing zone at Rf 0.40 
was scraped off and the silica eluted with MeOH: EA in a ratio of 4:6.  The MeOH 
and EA were removed under vacuum and the residue, a pale brown gum was analysed 
by Fast Atom Bombardment (FAB) Mass Spectrometry on the VG7070E fromVG 
Micromass.  The sample was bombarded through Xenon at 7 to 8 kilovolts and 
approximately 1mA current.  The spectra obtained showed a peak for the expected 
m/z ratio of 398 (See Fig 1). 
 
Labelling the Hapten-Protein conjugate with alkaline phosphatase 
The majority of ELISA protocols for phyto-hormone analysis take advantage of the 
enzyme, alkaline phosphatase as an azo-dye or immuno-tracer.  The advantage of 
using azo-dyes is due to permanency of the insoluble products of the enzyme that 
remain visible after several washing steps allowing for additional immunoreactions to 
be performed on the same sample with a different enzymatic label.  
 
Chapter two: ABA, dehydrin – like proteins and senescence  
 34 
 
Figure 1: Mass spectrophotometer chromatogram for ABA-ABH.  The expected peak is seen at 
398 when run for 15mins in a glycerol matrix.  The smaller peaks are background noise from the 
matrix.  
 
Weiler, (1986) has presented a variety of methods that allow efficient coupling of 
hapten-protein conjugates such as ABA-ABH to alkaline phosphatase. The method 
described for coupling of ABA-C4-hydrazones to alkaline phosphatases was selected 
as the most appropriate for use in this case.  Thus, 0.2mg of ABA-ABH (0.5µmol) 
was dissolved in MeOH, with 300µl water and adjusted to pH 1.5 with 1N HCl.  
ABA-ABH was diazotised by drop wise adding 100µl water with 12mg NaNO2 while 
continuously stirring on ice for10min.  To stabilise the diazonium compound, 6mg 
ammonium sulfamate in 100µl water was added drop wise to the continuously stirring 
mix for an additional 10min on ice.  Coupling of the diazotised ABA-hydrazone with 
alkaline phosphatase (whole molecule, anti-mouse IgG from SIGMA) was carried out 
by drop wise adding 100µl of the enzyme diluted in 1ml 0.1M BB ( pH 9.6) to ABA-
hydrazone whilst stirring on ice for 30 min.  The labelled conjugate was purified by 
dialysis with 1L TBS (pH 7.8) for 5 days at 4 o C.  For long term (6 months) storage at 
–20 o C, the conjugate was diluted in 50% glycerol. 
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Indirect ELISA 
The anti-ABA 15-I-C5 (Phytodetek-ABA; a gift from Dr. E. Weiler, Bonn, Germany) 
is a mouse monoclonal antibody that is directed to ABA- C4 conjugates.  This 
specificity is directed to bonding that alters the structure of ABA at the 4th ring carbon 
in ABA-ABH. 
 
For the Indirect ELISA, the accompanying protocol for anti-ABA 15-I-C5 (Dr E. 
Weiler, pers. comm.) was used.  Plates, high (B Max) bonding, 96 wells, were coated 
with rabbit anti-mouse immunoglobulin (RAMIG) at a concentration of 0.2 - 0.5 mg/ 
20 ml in carbonate buffer (pH 9.6) overnight at 4 o C (200 µl per well).  The plates 
were then decanted by tapping out the RAMIG solution onto a clean dry cloth.  
Following this, the wells were incubated with 200 µl of antibody solution (0.05 mg 
15-I-C5/ 20 ml NaHCO3 or TBS, pH 7.8) overnight at 4 o C.  Following incubation, 
the plates were washed twice with sterile water and incubated with 100 µl TBS and 50 
µl ABA standard or sample (diluted in TBS) for a minimum of 1 hr at 4 o C.  The 
maximum binding (B max) wells were incubated with only 50 µl TBS.  For the 
competitive reaction step, 50 µl of ABA-ABH-alkaline phosphatase conjugate (1: 
1000 in TBS with 0.1% gelatin (TBSG)) was added to each well and the plates were 
incubated at 4 o C for 3 hrs.  The plates were then washed twice with water and 
incubated with 200 µl per well of freshly prepared substrate solution for 1 hr at 37 o C.  
The substrate solution consisted of 20 ml DEA-buffer (1M Diethanolamine, 0.5mM 
MgCl2, pH 9.8) and 20 mg para-Nitrophenyl phosphatase (pNPP).  To stop the 
substrate reaction 50 µl of 5M KOH was added when the B max wells gave a reading 
of at least 1 on a Wallac Victor 2 1420 multilabel counter set at 405 nm.  An ABA 
standard series of (0.005/ 0.01/ 0.02/ 0.05/ 0.1/ 0.2/ 0.5/ 1/ 2/ 5) was used to determine 
ABA concentration of the respective samples. 
 
Protein isolation 
Lyophilised leaves were stored at -70 o C until extraction.  A modified Hurkman and 
Tanaka (1986) protocol was employed for isolation of protein.  1g of lyophilised 
sample was weighed and ground to a fine powder then suspended in extraction buffer 
(50mm Tris-HCl, pH 7.0; 0.7M sucrose; 50 mM EDTA; 0.1M KCl; 2% β-
mercaptoethanol; 2mM phenylmethylsulphonylfluoride (PMSF)) and an equal volume 
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of Tris buffered (pH 8.8) phenol.  Approximately, 1 ml buffer to 10 mg tissue was 
used.  The homogenates were incubated for at least 10 min on ice and then 
centrifuged at 16, 000g for 10 min.  The phenol phase with protein was then 
precipitated with 5 volumes of 0.1M ammonium acetate in 100% methanol overnight 
at -20 o C.  The precipitate was collected by centrifugation 20 min at 20,000g at 4o C, 
and the resulting pellet washed twice with 0.1M ammonium acetate in methanol.  
Further purification was done by washing twice with 80% acetone and finally once 
with 70% ethanol.  The final pellet was then placed in Sodium Dodecyl Sulphate 
(SDS) loading buffer (50mM Tris HCl, pH 6.8; 20% glycerol; 10 β-mercaptoethanol, 
4% SDS).  The total proteins were quantified using an amido black staining protocol 
adopted from Dieckmann-Schuppert & Schnittler (1997). 
 
Western Blotting 
Approximately, 80 µg of protein was loaded for SDS-PAGE. Polyacrylamide gels, 
12.5%, were run at 100V for 2 hrs.  One gel was then electro-blotted onto a 0.45-µm-
pore-size nitro-cellulose membrane (Optitran BA-S 85, Schleicher & Schuell) for 
transfer of proteins.  The nitrocellulose blotted with proteins was then dried between 
two Whatman filter papers at room temperature prior to Western analysis.  The 
second, counter gel was stained with Coomassie blue for confirmation of protein 
loading.  For western analysis, the nitrocellulose blot was washed twice with TBS (pH 
7.5) and non-specific binding was blocked with 10% skimmed milk powder in TBS 
overnight.  The primary antibody against dehydrins (Close, et al., 1993) is directed to 
the K-segment consensus peptide which is characteristic of all dehydrins.  Incubation 
of the blot with primary antibody diluted 1:1000 in a 5% skimmed milk powder/ TBS 
buffer was carried out overnight at 4 o C.  Following primary antibody incubation the 
blots were then washed three times for 5 min in TBST (TBS with 0.1% Tween 20) 
and incubated in a secondary antibody, anti-rabbit immunoglobulin G-horse radish 
peroxidase (Sigma) diluted 1:20,000 in 5% milk/ TBS buffer for 60 min.  The blot 
was then washed thrice for 5 min with TBST.  The proteins were detected using a 
West Pico Chemiluminescent (PIERCE) kit with pre-mixed solutions in which the 
blot was rotated for 1 to 15 min before being exposed for 1 – 15 min on film.  The 
film was developed using a CEAPRO processor. 
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2.2 Results and Discussion 
From arguments set up in the introduction, R. mucronata mature and senescing leaves 
should potentially protect young leaves from physiological drought and or excessive 
salt stress.  The study aimed to determine the validity of this hypothesis using an 
indirect approach where endogenous ABA levels are considered to reflect degree of 
stress and the function of a protective mechanism.  
 
 
Figure 2: (a) Zeaxanthin and (b) Violaxanthin levels for developing leaves of R. mucronata. 
The inclusion of lutein in the analyses as an internal control to eliminate peak misinterpretation also 
serves as confirmation for the normal development of R. mucronata leaves. Lutein is an α-derived 
xanthophyll and is found in generally higher concentrations than the β-derived xanthophylls (Bukhov 
et al, 2001).  Lutein is found in higher amounts in photosynthetically active leaves but is not part of the 
ABA biosynthetic pathway.  The accumulation profile observed for R. mucronata suggests that there is 
high consumption of lutein in developing leaves and that at maturity lutein is abundant (See Fig 2c).  
The absence of lutein in the senescent leaf conforms to the absence of a functional photosynthetic 
apparatus.  Furthermore, prior to abscission metabolites from senescing leaves normally translocate to 
younger leaves where lutein recycling may be more efficient than that of zeaxanthin which was still 
detected in the senescing leaves.  However, the continued presence of zeaxanthin in senescing leaves 
might be additionally attributed to its photo protective role via the xanthophyll cycle. 
 
The life span of Rhizophora mangle leaves averages 6-12 months with a maximum of 
17 months growing one pair per month (Tomlinson, 1996).  R. mangle is a close 
taxonomic relative of R. mucronata and as such exhibits similar if not identical 
growth and development patterns.  Drawing on this postulated similarity, nodal leaf 
age is one month per leaf pair.  As leaves were picked from the first 5 nodes for the 
green leaves, this implies that the age classes used in our analyses ranged from 1 – 5 
or more months.  The maximum leaf size was found at the fourth node indicating that 
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this is representative of a mature leaf.  Senescent leaves were selected based on the 
complete yellow coloration; they varied from the mature leaf only by nodal position 
as leaf size was similar.  The various classes selected for analysis are thus considered 
representative samples for the variations observed through growth and development 
of R. mucronata leaves. 
 
ABA biosynthesis in R. mucronata leaves 
High standard deviations and inconsistent patterns of xanthophyll levels in R. 
mucronata leaves made it difficult to make reasonable interpretation from the HPLC 
analyses (See Figs 2a & b).  The anticipated decrease in xanthophylls as a result of in 
situ ABA synthesis with development was not clearly obvious from the attained 
chromatograms.  Additionally, the xanthophyll neoxanthin was not detected in any of 
the leaf samples.  Neoxanthin in plants is found generally in lower concentrations than 
the other xanthophylls explaining the undetectable quantities (Bukhov, et al. (2001).  
This discrepancy can only be certified by further analysis.  The xanthophylls 
zeaxanthin and violaxanthin are generally readily quantified by in vivo experiments as 
their concentration depends on light.  In particular violaxanthin is a primary substrate 
for the reversible light driven de-epoxidation reaction that protects the photosynthetic 
apparatus in addition to being a precursor for ABA synthesis (Lu, et al., 2001). 
 
 
Figure 2c: Lutein levels for developing leaves of R. mucronata. 
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Figure 3: ABA levels for developing leaves of R. mucronata. 
 
Indirect ELISA 
The amount of ABA in R. mucronata was slightly higher in older leaves than in 
younger leaves.  However additional analysis would provide confirmatory statistical 
significance.  Leaves from L1 and L2 showed higher ABA than that of L3 and the L4 
leaf showed the highest ABA levels.  There was a lowering in ABA level in L5 (most 
mature leaf) whereas, the senescent leaf (L yellow) showed an increase in hormone 
levels (See Fig 3).  A number of mechanisms may account for the observed profile.  
Though collected at a fixed time point, the different leaves are at different levels of 
physiological stress.  The argument that mature leaves give up their ABA for younger 
leaves under stress conditions as posed by (Cornish and Zeevaart, 1984), may explain 
the profile observed in this study.  The supposition that ABA is being recycled from 
senescing leaves would mean that the youngest leaves draw from the older leaves in a 
sequential manner i.e., from L5 to L4 and then to the younger leaves L3, L2 to L1.  
The presence of higher ABA levels in L4 as compared to L5 and L3 may be only 
transitory.  In addition to translocation of ABA, in situ synthesis in all leaf categories 
may account for some of the variation observed.  The presence of high levels of ABA 
in the senescent leaves (L yellow) as compared to the younger leaves L1, L2 and L3 
suggests that senescing leaves maintain some form of metabolic activity such that at 
the time of analysis ABA is detected as a potential protective mechanism in the course 
of desiccation.  For confirmation of this postulate an analysis including a range of 
yellowing to fully yellowed leaves should be examined to assess whether ABA levels 
are lowered in the most senescent (yellowed) leaves. 
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Dehydrin expression 
Following the arguments of Cram, et al., (2002), the parent mangrove plant holds less 
salt when a leaf is abscised, but leaf loss does not separate salt from the plant as does 
the root where glands actively secrete salt.  Unlike gland secretion of salt, leaf 
abscission removes salt and its associated biomass from the tree.  Slim et al., (1996) 
found that unlike other mangrove species, R. mucronata accumulates chloride ions 
with leaf age, and this increase is definitive during senescence suggesting that these 
leaves may be used as a sink for excess ions.  Detection of dehydrin proteins during 
development of R. mucronata leaves would indicate that the plants possessed a 
functional mechanism for protection against potential drought and salinity stresses. 
 
   
Figure 4(a): Western analysis of R. mucronata leaf development stages.  (b) Corresponding 
Coomassie gel. 
 
Using Western analysis, a total of four different bands from the leaves of R. 
mucronata were detected by the anti – dehydrin antibody (See Fig 4a).  The observed 
bands are regarded as dehydrin–like, due to lack of data from cDNA analyses to 
confirm the sequence and homology to known dehydrins.  The detected bands ranged 
from approximately 68kDa to 34kDa; known dehydrins range from as low as 9kDa to 
as large as 200kDa (Allugulova, et al., 2003).  The 64kDa band was observed in all 
green leaves (L1 – L5), this band is suggested to be induced by the regular 
physiological fluctuations of salinity or drought stress that the entire plant 
experiences.  The youngest leaf class (L1) had showed the highest number of bands 
(4) with the largest at ~66kDa, followed by the one at 65kDa which could be the same 
as the 64kDa band seen in the other classes and another at approximately 55kDa and 
finally the smallest one at 34kDa. The second leaf class (L2) showed only slight 
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detection for the 55kDa band suggesting low expression or overlap from L1.  The 
third and fourth classes (L3 & L4) exhibited only a band at 65kDa.  The mature leaf 
(L5) had strong expression for both the 64kDa and 55kDa bands, no bands were 
detected in senescent leaves.   
 
The 64kDa band observed in all the leaf classes with the exception of the senescing 
leaves increases with intensity suggesting a higher demand of the dehydrin – like 
protein through development.  The results presented are from untreated material 
collected at consistent times from the field.  Presuming field conditions at any specific 
time to be constant, the leaves would have been exposed to similar local and internal 
physio-chemical environmental conditions prior to collection.  Thus the presence of 
stress associated proteins in the leaves of R. mucronata should reflect either a unique 
or common induction factor.  The constitutive expression of the 64Kda dehydrin - like 
protein in leaves of R. mucronata is most likely a response to the constantly 
fluctuating salinity and redox levels of the mangrove environment.  Another 
possibility for the constitutive expression of the 64Kda protein could be that it confers 
partial tolerance to desiccation.  Most plants exhibit varying degrees of tolerance to 
desiccation and generally the combination of different stress inducing factors (e.g. 
drought, salinity) influences the mechanism or level of adaptation employed.  For 
example, slow drying such as is expected in the mangrove environment when salinity 
levels rise with the incoming tide making the fresh water physiologically unavailable, 
on its own is generally detrimental to tissues that are not desiccation tolerant.  But, 
slow desiccation and high relative humidity may confer some degree of tolerance, as 
the tissues may survive the water deficit by drawing on atmospheric water whilst 
developing the necessary mechanisms for protection against dehydration.  Though 
water from the soil is physiologically unavailable in the mangrove environment at all 
times, relative air humidity is high.  Thus, the constitutive expression of the 64kda 
dehydrin–like protein in R. mucronata may serve as a buffer mechanism when the 
leaves switch from water loss by rising soil salinity to water uptake from the 
atmosphere when humidity levels are conducive.  In the individual leaf classes the 
increased demand the 64kDa dehydrin – like protein expressed by intensity may 
account for the desiccation stress that each stage undergoes.  Thus, L5 as the most 
mature leaf experiencing the highest degree of desiccation would naturally exhibit the 
highest intensity of 64kDa dehydrin – like protein. 
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R. mucronata leaves are not desiccation tolerant in that they do not fully recover when 
subjected to an extended period without water.  Yet the presence of desiccation 
associated proteins suggests that it possesses the necessary tools to cope with short 
term desiccation stress in leaves.  Intriguingly, the 64kDa band is also expressed in 
reproductive tissue, i.e. the ovules, of R. mucronata (See Chapter 5).  However, the 
embryos are not desiccation tolerant. To explain this discrepancy, two hypotheses can 
be drawn up, the first being that the same protein functions differently in different 
tissues of R. mucronata.  The second hypothesis suggests that the presence of 
dehydrin-like proteins in R. mucronata does not confer extended desiccation tolerance 
as is required in seeds.  This latter hypothesis is supported by some studies that 
describe dehydrins homologous to known sequences that are not involved in 
desiccation.  Rorat et al (2004) observed expression of such a dehydrin, DHN10 
(9.8Kda) that was primarily regulated by organ type and for leaf development stage.  
These findings suggest that there may be alternative scenarios considering a wider 
occurrence and function of dehydrins in conditions not restricted to water and salinity 
stress as is generally thought. 
 
The absence of dehydrin - like proteins in senescing leaves of Rhizophora adds 
information to the observations by Slim, et al. (1996) who suggested that excess salt 
would be deposited in the senescing leaves.  Working on the presumption that the 
presence of dehydrins confers tolerance to salinity or drought stress, higher dehydrin 
expression indicates higher stress and absence of dehydrin implies lack of protection.  
Senescing leaves are at the terminal stage of existence on the parental plant and thus it 
is presumed that there should be little if any energy investment conferred to their 
continuance.  Relegating their contribution to the survival of the plant to being a sink 
for unwanted toxic substances is confirmed by the absence of functional protective 
dehydrin proteins which would otherwise aid the leaves to combat the stress. 
   
In mature leaves (L5) of R. mucronata, the additional band at 55kDa suggests that this 
protein may be specifically related to a different stress or the particular stage of 
development.  A postulated function for this dehydrin – like protein is to provide 
additional protection to the mature which leaf acts as a channel to draw excess salt 
from the younger leaves (L1 – L4) and translocate it to senescing leaves as a means of 
removing excess salt from the plant.  The presence of the 55Kda band in younger 
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leaves (L1 and L2) of R. mucronata further implies that this protein plays a 
complementary role to the 64kDa dehydrin – like protein in protecting the leaves 
against developmentally induced stresses that may arise as a result of function of the 
particular leaf stage.  Younger leaves are vulnerable to physiological drought due to 
poorly developed sclerophyllous properties that would otherwise serve to prevent 
excessive water loss.  The smallest band of dehydrin – like protein detected in L1 at 
34Kda, is suggested to be either a breakdown product of the 68Kda protein or a dimer 
though no dimers have been recorded from any known dehydrin.  No putative 
function is assigned to this protein or the ~66Kda protein in L1, for this additional 
studies on this particular leaf class would need to be carried out. 
 
2.3 Conclusions 
The results on the precursor levels of ABA presented in this study are insufficient to 
establish grounds for correlation of recalcitrance with ABA biosynthesis and 
subsequent development.  The differences in xanthophyll levels observed between 
developmental stages of the leaves can be either real, or they may be due to 
experimental errors as the sample sizes were relatively small.  However, the results of 
this study do establish that R. mucronata leaves possess a functional mechanism for 
ABA synthesis as both precursor and product can be detected. 
 
The dynamics of ABA in R. mucronata are not readily comparable to other species in 
that although there is the suggestion that there is translocation of the phyto-hormone 
from mature leaves to younger leaves older leaves maintain higher levels of ABA.  
This suggests that there is a higher in situ production of ABA in older and senescent 
leaves to allow protection of the desiccating leaves and supplying younger leaves with 
the hormone.  The additional supply of ABA from older and senescing leaves in 
Rhizophora would provide ample protection to the younger leaves that do not possess 
a fully developed sclerophyllous leaf. 
 
The absence of dehydrin-like proteins in senescing leaves contradicts the presence of 
ABA in these leaves as they are thought to be complementary mechanisms for 
protections during desiccation.  The presented results suggest that though 
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developmentally the senescing leaves invest no energy in the synthesis of desiccation 
proteins there remains some physiological protection offered in the form of ABA to 
the desiccating leaves. 
 
Lastly, this study forwards the suggestion of complementary functions for two of the 
detected putative dehydrin-like proteins at 64kDa and 55kDa for some of the leaf 
classes.  However, to determine the precise function of these proteins R. mucronata 
cDNA analysis to assess the extent of homology to known sequences and protein 
expression under experimental dehydration conditions will significantly contribute in 
discerning their developmental and physiological relationships. 
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Abstract 
Rhizophora mucronata is a viviparous angiosperm as such it does not undergo dormancy 
developing from embryo to seedling attached to the maternal plant.  This viviparous mode of 
development is limited to tropical and sub-tropical inter-tidal environs.  The suggestion that 
vivipary may an adaptive phenomenon to the fluctuating environment implies a deviation in 
development from other dormant angiosperms.  A morphological study on stages of embryo 
from fertilisation to emergence from the micropyle shows that the development of R. 
mucronata largely conforms to the generalised angiosperm pattern with the exception of 
desiccation.  However, some interesting features are noted that are suggested to be 
morphological adaptations to support the viviparous habit these include a vacuolated 
endosperm, a persistent suspensor and transfer tissue around the embryo.  The vacuolated 
endosperm is thought to provide a cushioning effect during emergence from the micropyle 
whilst the suspensor with protein body inclusions could provide nutrients to the developing 
embryo.  Likewise the transfer tissue is also considered as a channel for nutrients to the 
embryo. 
 
3 Introduction 
The genera Rhizophora, Bruguiera, Ceriops and Kandelia of the tribe Rhizophoreae, 
family Rhizophoraceae, are restricted to mangal.  Mangal is the term used to refer to 
plant communities found in tropical and sub-tropical intertidal areas where during 
high tide, the trees are partially submerged by water with a salt concentration of about 
3.5% and an osmotic potential of -2.5MPa.  Tree members of mangal communities 
called mangroves, show a variety of adaptations enabling them to survive in a 
fluctuating environment of salinity and anaerobic conditions.  Examples of such 
adaptations are modified roots, glands that exclude or excrete salt and vivipary.  
Vivipary is the phenomenon where the embryo grows into a young seedling, known 
as a propagule whilst still attached to the maternal plant.  This means the embryo does 
not go through a period of dormancy before abscission.  Vivipary in angiosperms is 
restricted to some mangroves and members of the sea grass genera Amphibolis and 
Thalassodendron (Elmqvist and Cox, 1996). 
 
The physiology and morphology of mangrove propagules and other floral structures 
are presented in studies by Warming (1883); Goebel (1889); Karsten (1891); Pannier 
(1962), Lötschert & Liemann (1967); Vogel (1980), Tomlinson (1996), and 
Tomlinson & Cox (2000).  These studies focus on propagule development and 
emphasise adaptations for survival in a fluctuating environment.  A comparative study 
by Juncosa and Tomlinson (1987) within the Rhizophoreae suggests that vivipary in 
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the tribe is a trait derived after fertilisation as pre-fertilisation events are comparable 
to non-viviparous relatives. 
 
Fertilisation in angiosperms occurs in flowers which typically contain both female and 
male structures (See Fig 1).  The female part of the flower is located at its centre and 
is called the pistil.  Often resembling a tiny vase, the pistil is composed of three 
regions - a sticky or feathery stigma at the top to catch the pollen, a narrow neck 
called the style guiding the caught pollen to the ovary in the middle, and the round or 
oval-shaped ovary containing the ovules, which in turn house the female gametophyte 
(embryo sac) with one egg.  Fertilisation occurs when one sperm (male) nucleus fuses 
with the egg cell (female) of the embryo sac to form the zygote.  The other sperm 
nucleus fuses with two polar nuclei (female) giving rise to a triploid endosperm.  This 
process is known as double fertilisation and is typical for angiosperms.  The zygote 
undergoes a series of cell divisions and differentiation to form the mature embryo.  
The embryo, endosperm and integument (ovular walls) together make the seed at 
maturity.  
 
Figure 1: Generalised life cycle of angiosperms. Picture adapted from Singer (1997) 
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In the course of embryogenesis the majority of angiosperm embryos undergo a 
number of structural modifications that can be categorised into stages according to 
shape (See Fig 2).  The early embryo consists of a few cells that are regionally 
distinct, the posterior region develops into the true embryo and the basal cell(s) make 
up the suspensor.  The suspensor acts as an anchor attaching the developing embryo to 
the maternal tissue wall (integument).  The globular stage is the first recognisable 
phase in development; here the embryo looks more or less like a club.  The next stage 
of development the embryo begins to differentiate and meristems are obvious, growth 
of the cotyledons makes this stage look like a heart.  The final stage, the embryo has 
well developed cotyledons, radical and apical meristems, shaped like a torpedo; this is 
considered a mature embryo. 
 
 
Figure 2: Arabidopsis embryogenesis adapted from Vernon and Meinke (1994) 
 
The formation of the suspensor is an intriguing feature of the developing embryo in 
angiosperms.  This ephemeral structure is found at the radicular end of the pro-
embryo and is the first differentiated structure produced in the developing embryo.  It 
reaches maximal maturity when the embryo is globular and undergoes terminal 
differentiation at the torpedo stage (Marsden and Meinke, 1985).  Formed by 
divisions in the basal cell of the embryo, the suspensor is thought to channel nutrients 
to the embryo and function as a temporary embryonic root (Steeves and Sussex, 1972) 
 
The product of the other fertilization event i.e., the triploid endosperm has been 
extensively studied to determine its origin and development patterns.  In a review on 
the origin, development and function of endosperm, Lopes and Larkins (1993) present 
findings that lead to a number of postulated functions of this tissue.  The double 
fertilisation event may function as a means to preserve epigenetic differences that 
direct differential development of the embryo and endosperm tissues.  Additionally, 
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the rapid rate of endosperm proliferation particularly in early embryogenesis may be 
accounted for by heterosis.  This gives the triploid endosperm an advantage in a 
diploid environment.  Endosperm shows varied patterns of persistence in different 
species.  In cereals, it is retained in the mature seed, whereas in the majority of dicots, 
it is suggested to be consumed by the developing embryo.  Furthermore, in cereals the 
endosperm differentiates into three cell types; a central starchy endosperm, which 
serves as a storage tissue and is physiologically inactive at maturation, a basal transfer 
endosperm adjacent to the pedicel for transport, and the aleurone layer at the surface 
of the endosperm.  The basal transfer endosperm consists of cells typical for transfer 
tissue.  Transfer tissue is defined as having 'cells exhibiting morphological 
adaptations related to their function in promoting solute transfer between 
compartments' (Thompson et al., 2001).  Transfer cells are easily recognised by 
having ingrowths that form late in development.  They have the morphology of 
parenchyma cells, but function differently in carrying materials across membranes.  
Transfer tissue is not restricted to cereals and is found in all plant classes, though in 
angiosperm seeds it is often transitory contributing to local solute gradients.  In 
species like Pisum sativum and Triticum aestivum transfer cells are found in the testa 
and or outer cotyledons.  Unique to dicotyledonous species, Juncosa (1982b) first 
reported the presence of transfer tissue in the endosperm of Rhizophora mangle and 
later Wise and Juncosa (1989) supported this observation with ultrastructural 
evidence.  In their preparations, they observed two different types of endosperm cells: 
a peripheral layer (1-3 cell layers) of metabolically active transfer tissue and several 
layers of vacuolated endosperm, which lacked ultrastructural uniqueness. 
 
Following a number of growth and differentiation phases within the embryo 
‘orthodox’ seeds studied in the majority of angiosperms undergo desiccation. During 
desiccation the mature embryo and its surrounding endosperm (if present) lose up to 
90% cellular water before entering dormancy or metabolic arrest.  Dormancy is 
thought to enable seeds to survive extended periods of unfavourable conditions and to 
prevent untimely germination (Bentsink and Koornneef, 2001).  In contrast, 
propagules of Rhizophora do not survive similar water losses nor show dormancy 
(Farrant et al., 1996).  Dormancy can be regulated at different developmental phases 
and by interaction with environmental or internal factors. The latter can be attributed 
to mechanical (testa and endosperm), physiological (salt and or hormone 
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concentration) and genetic make up (Bentsink & Koornneef, 2001); (Lopes & 
Larkins, 1993).  When the 'orthodox' seed is dispersed and encounters favourable 
environmental conditions it commences uptake of moisture and the embryonic axis 
elongates, a process referred to as germination.  Germination terminates with 
penetration of the radicle through the surrounding embryonic structures (Bewely & 
Black, 1994). 
 
In contrast to ‘orthodox’ seeds the development of propagules in viviparous species 
like Rhizophora, either omit or modify post fertilisation events showing a different 
dispersal mechanism.  In an attempt to draw a parallel to events in 'orthodox' seeds, 
Juncosa (1982b) characterised 'germination' in Rhizophora mangle as emergence of 
the embryo from the micropyle though at this point it is still within the ovary wall.  In 
this study, the term 'germination' is used as defined by Juncosa (1982b) to indicate the 
final stage of development in the events characterised for Rhizophora mucronata 
Lam.  Dispersal of the propagule into the environment occurs after what may be 
termed as a second germination event, when the hypocotyl emerges from the ovary 
wall and grows to a maximum of 50cm in length before abscission (Sussex, 1975).  
With the exception of detailed studies by Juncosa (1982b) on R. mangle, other 
members of the genus Rhizophora have not received similar attention with regard to 
events leading to germination of the embryo.  The genus has range of morphological 
differences that suggest that to understand vivipary in the genus conducting similar 
detailed studies with other members of Rhizophora would provide insight into the 
mechanisms involved. 
 
In this study, a detailed schematic overview of the developing embryo from 
fertilization to ‘germination’ of R. mucronata Lam is presented providing additional 
confirmation to earlier work by Juncosa (1982b, 1982a).  Furthermore, earlier 
observations of Juncosa (1982b) and Haberlandt (1895) regarding the role of the 
vacuolated endosperm in germination are confirmed.  A hypothesis for the role of a 
persistent suspensor and vacuolated endosperm as a support tissue during germination 
of viviparous embryos is also postulated.   
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Fig 3: Stand of R. mucronata trees at Mbweni fishing village. 
 
3.1 Material and Methods 
Plant Material 
Ovaries from R. mucronata Lam., were collected during the months of February and 
March from Mbweni fishing village, 40km from Dar es Salaam.  R. mucronata 
flowers mainly throughout the year, and at any one moment, several stages of 
development (from flower bud to propagule) can be found on a single plant.  R. 
mucronata grows almost exclusively in single stands (See Fig 3); samples were 
collected from a site with approximately 25 trees to ensure that developmental stages 
were representative of the local population.  Synchrony of every developmental stage 
is a close estimate as the sample population is wild.  In addition it is unlikely that a 
monogenic line was sampled, therefore some differences are to be expected.  To 
account for this variation class sizes rather than absolute values were used.  
Additionally, the stand area (10m2) was assumed small enough to present uniform 
distribution of resources, making sample size a valid parameter for sampling. 
 
For purposes of this particular study, samples include flowers from anthesis to 
germination.  The null stage was identified as a recently opened flower with corolla 
and stamens still attached.  Flowers where both the stamens and corolla had fallen off 
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were recorded as stage one.  At this stage, the flower was presumed to hold a fertilised 
ovule.  For subsequent stages ovary diameter was used as a guide.  This was 
determined by use of a vernier calliper in the field prior to sample collection.  
Following this initial measurement, ovaries were then dissected and ovule diameter 
measured.  The ovary size classes were arbitrarily selected as presented in Table 1. 
 
Light Microscopy 
All material was fixed according to standard techniques.  Ovules were immediately 
dissected and fixed with 2%glutaraldehyde in 100mM PIPES buffer pH 7.0, 2% 
sucrose, 0.05% CaCl2*2H20, 1% Paraformaldehyde and 0.1% Tween 20.  The 
samples were then dehydrated through an ethanol series, replaced with xylene and 
finally embedded in paraplast and sectioned with a hand microtome (American 
Optical 820).  Sections of 5-7µm were deparaffinised, rehydrated and stained with 
0.1% Toluidine blue in borate buffer (pH 8).  Proteins were stained with 0.1% Fast 
green (pH 2.0).  Images were taken with a Leitz Ortho microscope connected to a CD 
Coolsnap camera from RS Photometerics. 
 
Electron microscopy 
Ovules fixed with a similar glutaraldehyde buffer as used for light microscopy were 
post fixed in 2% Osmium tetroxide for two hours, dehydrated through an ethanol 
series, embedded in Spurr’s (1969) resin and cured at 60oC.  Ultra-thin sections were 
cut on a MT5000 microtome with glass knives; stained for 30 min with uranyl acetate 
(saturated solution in 50% methanol – Hayat, 1970) and 5 min with lead citrate 
(Reynold, 1963).  Sections were examined with in a Jeol 100CX II transmission 
electron microscope operating at 60kV. 
 
Based on the field parameters used, a schematic representation of the stages analysed 
in the study is presented in Table 1 and Fig 5.  
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Source: Anonymous 
 
3.2 Results 
Morphological characterisation   
The flower of R. mucronata Lam. has a smooth cream coloured calyx that is 
approximately 2mm long at maturity.  The corolla has a cream or yellowish-white 
colour, is marginally villous and has an acute apex (See Fig 4a).  The flowers have 
eight stamens with 1mm filaments and pollen that is predominantly 3-colpate, housed 
in anthers that have a honey comb appearance.  The anthers are individually enclosed 
by a petal and this is considered to be a pre-adaptation for the explosive pollination 
mechanism observed in these species. The sessile bifid stigma of Rhizophora has been 
provided as evidence to the hypothesis that it is self-pollinating (Tomlinson, 1996).  
However, this hypothesis has since been disputed by Rao (1998) who performed 
bagging experiments.  Rao (1998) found that R. mucronata does not self-pollinate and 
depends on pollen from other plants for fertilisation.  The hypocotyls of R. mucronata 
are the largest in the genera measuring up to 50cm in length at the time of abscission 
(See Fig 4b). 
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Megagametogenesis  
R. mucronata Lam., has two carpels and four ovules of which only one ovule 
develops into a propagule.  Juncosa (1982b) attributes this to asynchronous ovule 
development, ovule abortion (See Fig 5r) or post-fertilisation competition.   
Despite obvious differences in the external features of flowers from stages zero to 
two, (See Figs 5a, c, e) morphological differences in preparations for light microscopy 
were not observed.  For these stages a bitegmic ovule with the embryo sac embedded 
in the nucellus, which in turn is completely enclosed in the integuments was clearly 
recognised (See Fig 6a).  The nucellus degenerated during megagametogenesis, 
positioning the embryo sac at the base of the micropyle (See Figs 6b & c).  The 
attachment of the embryo sac to the integuments appears very loose (See Fig 6b) and 
may lead to falling out of the embryo during sectioning and or fixing.  Thus in 
addition to asynchronous ovule development suggested by Juncosa (1982b) and ovule 
abortion this may contribute to the absence of records showing early fertilisation.  An 
additional scenario could be the rapid rate of occurrence of these early events, 
particularly the development of a syncytial endosperm and the few-celled embryo.  
This would imply that these early fertilisation cannot be easily monitored using 
parameters such as presence or absence of floral organs (stamens and corolla) and 
ovary size. 
 
Embryogenesis   
The zygote of R. mucronata undergoes a series of cellular divisions following more or 
less the generalised angiosperm embryogenesis pattern i.e., globular, heart and finally 
becoming torpedo shaped.  At stage three the ovules show a globular embryo, and 
from this stage onwards it was possible to record embryogenesis events (See Figs 5f 
& 6e).  By stage four (See Figs 5h & 6d), it looked like the embryo had undergone 
divisions at different rates and along different planes in the chalazal region (facing 
away from the micropyle).  This progressively changed the embryo shape to that of a 
club by stage five (See Figs 5j, 6f & g).  At stage six (See Fig, 5l), divisions in 
localised regions of the now pro-embryo mark sites for the initiation of meristematic 
tissue.  Two sites at the outermost layer of the distal region showed divisions that 
marked the future cotyledon meristems.  As the cotyledons divide and grow, the 
region between them marks the future radix meristem.  Simultaneously, at the centre 
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Fig 5: Categorisation of R. mucronata developmental stages described in Table 1.  Grey panels show 
external ovary changes for stages 1 – 9, scale bar 2mm.  Black panels show external morphology for 
ovules that correspond to ovaries shown in grey panel on left, scale bar 2mm.  In all images micropylar 
region faces down.  a) Flower at anthesis (1) with anthers and corolla intact.  b) Ovule (1) at anthesis.  
c) Flower (2) with anthers and corolla fallen off, stage 2.  d) Ovules stage 2 attached to ovary with 
micropylar region facing upwards.  e) Stage 3, calyx flattened out and ovary diameter increasing.  f) 
Ovule stage 3 micropyle closed.  g) Stage 4, calyx green and 90o to ovary.  h) Ovule (4) opaque peach 
coloured, micropyle closed.  i) Stage 5 ovary distended vertically from calyx.  j) Ovule (5) enlarged 
micropyle with white mass in micropyle region, the endosperm.  k) Ovary (6) green increased height 
and diameter.  l) Ovule (6) increased diameter and micropylar opening by endosperm.  m) Ovary (7) 
calyx bent toward petiole, ovary dark green.  n) Ovule (7) micropyle fully opened by endosperm.  o) 
and q) Stage 8 and 9 vertical and horizontal view.  p) Stage 9 with hypocotyl evident outside 
micropyle.  r) An aborted stage 8 embryo. 
 
of the pro-embryo another region of rapidly dividing cells was evident that would be 
the future apical meristem.  Altogether these divisions altered the shape of the embryo 
from a club to that of a heart.  Further cell divisions in the cotyledon meristems gave 
rise to cotyledons and resulted in the torpedo shape observed in stages seven and eight 
(See Figs 5n & 6h.).  At the time of ‘germination’, the cotyledons in Rhizophora, 
unlike those of other angiosperms, emerge fused.  This is observed at stage eight 
where serial sections showed a single cotyledon body with a separation only visible in 
midsections (See Fig 6i).  This fusion is a result of both congenital and post-genital 
fusion and it makes the vasculature inseparable (Juncosa, 1982b).  At stage eight (See 
Fig 6h), the mature embryo does not desiccate nor enter dormancy as would be 
expected in 'orthodox' species.  Instead, the hypocotyl continues axial growth through 
the relatively woody tissue of the ovary and finally penetrates the ovary wall.  Though 
no preparations of ovary tissue were made, initial dissections revealed a tough fibrous 
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tissue.  The seedling axis in R. mucronata grows up to 50cm while attached to the 
maternal plant.  Prior to abscission the cotyledons abort.  
 
 
Figure 6: LM preparations stained with Toluidine blue from various stages of developing R. 
mucronata embryos.  a) L.S. Ovule showing nucellus and integuments.  b) L.S. Filiform apparatus of 
synergids.  c) L.S. Embryo sac.  d)C.S. Stage 4 embryo, globular surrounded by endosperm transfer 
cells.  Inset shows suspensor also surrounded with endosperm transfer cells.  e) C.S. Stage 5 embryo, 
posterior end showing site of differentiation.  f) L.S. Stage 6 embryo, club shaped.  g) L.S. Stage 7 
embryo, heart shaped.  h) L.S. Stage 8 embryo torpedo shaped.  Inset shows persistent suspensor.  i) 
C.S. Stage 9 C – shaped toroidal hypocotyl at germination with vasculature.  Scale bars a – c 20µm; d 
50µm including inset; e & f 100µm; g – h 200µm.  N = nucellus; Inn int = inner integument; out int = 
outer integument and End = endosperm. L.S = Longitudnal section; C.S = Cross section. 
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R. mucronata has a multiseriate suspensor, which persists until emergence of the 
embryo from the micropyle (See Fig 6 inset d & h).  The cells of the suspensor and 
the embryo proper are clearly distinguished by size.  The suspensor cells are larger 
and have distinct globular organelles.  These organelles stained positively with Fast 
Green suggesting that they may be protein bodies. (See Fig 6 inset f).  It would appear 
that differentiation in the suspensor of R. mucronata precedes that of the embryo 
proper, as there is no structural variation observed in embryo preparations from 
globular to torpedo stages 
 
During embryogenesis, the endosperm rapidly proliferates, separating the embryo 
from the integument and the micropyle.  It is by this growth that the endosperm forces 
open the micropyle, carrying out the embryo and leading to the emergence of the 
embryo from the micropyle.  One to two of the outermost layers of the endosperm 
closest to the outer integument in Rhizophora show similarities to previously 
described transfer cells with characteristic labyrinthine wall ingrowths (See Fig 7a).  
A layer of cells with thickened walls that stained intensely with Toluidine blue was 
observed close to the embryo particularly in the suspensor region (See Fig 6d & f).  
These cells are suggested to be an additional layer of transfer tissue not observed by 
earlier studies such as that by Wise and Juncosa (1989).  
 
 
Figure 7: TEM images of peripheral and vacuolated endosperm from R. mucronata embryo stage 4.   
a) Peripheral endosperm cell showing labyrinthine cell wall.  b) Vacuolated endosperm cells with 
degrading cytoplasm show by arrows.  Images magnified 1800 X.  CW = cell wall; N = nucleus. 
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Underlying the peripheral transfer cell layer, the endosperm has several layers of cells 
with large vacuoles and little granular or no cytoplasmic content.  These cells are 
considered to have no metabolic function as they posses very few organelles if any 
and have small nuclei (See Fig 7b).  However, the cell walls retain their rigidity, 
giving structure to the tissue.  The vacuolated endosperm may function as a medium 
for apoplastic diffusion of nutrients from the outer layer of transfer cells (See Fig 5d) 
as no plasmodesmata are visible.  As in R. mangle, R. mucronata showed continuous 
production of this vast non-metabolic endosperm from early embryogenesis to the 
emergence of the embryo from the micropyle (See Fig 6e -i). 
3.3 Discussion 
The occurrence of vivipary in unrelated mangrove genera suggests that this may have 
functional importance in the mangal, though not all mangroves exhibit this trait.  
Studying related non-mangrove taxa such as Cassipourea, Juncosa and Tomlinson 
(1987) observed little difference in early floral development indicating that the 
divergence in the dispersal mode of Rhizophora could be explained by post 
fertilisation modifications or omissions.  Therefore, these possible modifications have 
been the focus of this study. 
 
Early fertilisation events in Rhizophoraceae have not been recorded in previous 
studies and we did not observe them in any of our preparations.  This may be 
explained by a number of possibilities; the dimension of growth in the early embryo 
does not significantly reflect increase in ovary diameter and thus is missed in the 
sampling process.  Alternatively, as the early embryo is detached from the outer 
integument by degeneration of the suspensor basal cells, the loss of anchorage may 
cause the structures to fall out during fixation and/ or sectioning.  The space left by 
the degenerated inner integument and nucellus prior to fertilisation provides a basis 
for this possibility (See Fig 6b).  An additional possibility could be that flowers are 
produced in large numbers primarily to increase pollen quantity rather than provide 
ovules for fertilisation implying that not all flowers are fertilised.  In Rhizophora 
which is not self pollinating a large amount of pollen would help to ensure efficient 
propagation.  
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In this study, we aimed to identify a particular stage of development where the 
viviparous embryo and its surrounding endosperm may show divergence from other 
angiosperms.  However, with the exception of fused cotyledons at the time of 
emergence from the micropyle previously described by Juncosa (1982b) in R. Mangle 
and the absence of desiccation, R. mucronata largely follows the expected pattern of 
development.  Within the tribe Rhizophoreae, embryogenesis patterns differ with 
Bruguiera having the most primitive embryo though morphologically closest to inland 
relatives.  Rhizophora on the other hand is considered the most advanced with regards 
the vivipary trait in mangroves as its propagule abscises without the cotyledons, a trait 
not observed in other members of the tribe (Juncosa & Tomlinson, 1987) 
 
Separation of the suspensor from the integument and subsequent transposition of the 
embryo deep within the endosperm has only been reported in the Rhizophoraceae 
(Juncosa, 1982a).  Treub (1883) noted something similar in Avicennia of the 
Avicenniaceae, but he did not identify the suspensor in his preparations.  Avicennia is 
a cryptoviviparous mangrove, in this species the embryo emerges from the seed coat 
but not the fruit before abscission.  The presence of a common phenomenon in 
Avicennia which is cryptoviviparous and Rhizophora a true viviparous species, 
suggests an important role of suspensor in these non-related species.  The suspensor in 
Rhizophora additionally shows structural similarity to transfer cells and may serve in 
short distance transport of material across cell membranes as suggested by Vogel 
(1980).  This theory is further supported by the presence of protein bodies in the 
suspensor cells.  Protein and lipid bodies are known to accumulate in the suspensor of 
defect Arabidopsis (sus) embryos where the suspensor is persistent (Schwartz, et al., 
1994) and the same is seen in R. mucronata.  These embryos are thought to have 
failed to send an inhibitory growth signal that would initiate programmed cell death of 
the suspensor. 
 
The role of the vacuolated endosperm of R. mucronata reveals a type of development 
not seen in other non-mangrove related taxa and non-related mangroves.  In the 
majority of non-endospermic species, the endosperm is digested from the time the 
embryo begins to differentiate.  This is thought to provide the developing embryo 
with nutrient and space to grow.  In Rhizophora, this digestion would be expected to 
occur in the stage three ovules.  In contrast, the endosperm is persistent up to the time 
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of emergence from the micropyle.  (Juncosa, 1982a) suggested that this continuous 
growth of the endosperm to be the primary cause of embryo emergence.  We postulate 
an additional role for the vacuolated endosperm in Rhizophora.  The vacuolated 
endosperm represents an enlarged surface for potential apoplastic transfer of nutrients 
to the developing embryo.  Plasmodesmata are absent in Rhizophora suggesting 
apoplastic transport to be the most obvious mechanism for nutrient flow from 
endosperm to the embryo.  Furthermore, the vacuolated endosperm maintains a rigid 
cell wall through development ensuring stable cell turgor.  At the time of emergence 
from the micropyle the vulnerable embryo is likely to be crushed by the fibrous pith 
like ovary tissue.  Thus divisions at the proximal end of the vacuolated endosperm 
tissue provides a cushioning effect by emerging first into the ovary followed by the 
developing embryo which then grows through the crushed endosperm tissue into the 
ovary.  The hypocotyl is in effect the only tissue of the embryo that comes in contact 
with the ovary tissue and it is envisaged that at this stage of development the 
‘seedling’ is capable of withstanding further pressure from the ovary tissue. 
 
The peripheral endosperm transfer layer in Rhizophora noted by Wise and Juncosa 
(1989) and referred to in the present study provides evidence of nutrient flow from 
maternal to embryonic tissue.  Embryos with transfer cells have no vascular 
connection with the maternal plant; all passage of nutrients is believed to take place 
either via symplastic or apoplastic means.  R. mucronata shows two independent 
layers of transfer tissue, a peripheral layer close to the outer integument, possibly to 
supply nutrients from maternal tissues and another layer closer to the embryo.  The 
latter layer is concentrated in the suspensor region, suggesting an alternative nutrient 
supply mechanism for the embryo.  In comparison Phaseolus coccineus (runner bean) 
also has a persistent suspensor that is visible at maturity with cell wall ingrowths in 
the endothelium and is suggested to function as embryo nuturing tissue through 
metabolite exchange (Weterings, et al. 2001).  For most other dicotyledonous species 
that have transfer tissue it is found mainly in the testa or the cotyledons.  Here in 
addition to serving as a transport medium for nutrients it can also provide protection 
to the embryo during germination (Diane et al., 2002).  This latter protective function 
can be considered orthologus to that of the vacuolated endosperm in R. mucronata at 
the time of germination. 
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What we observe in Rhizophora could be compared to what is seen in maize 
(Thompson, et al. 2001).  In maize the basal transfer layer of the endosperm in 
conjunction with the suspensor sustains the embryo through development a 
phenomenon which may reflect what is seen in Rhizophora.  However, the vacuolated 
endosperm of Rhizophora does not function as a storage tissue as seen in maize and 
this suggests that the role of the endosperm in the two species can not be fully 
compared. 
 
3.4 Conclusions 
In this study, we presented a schematic outline for the development of Rhizophora 
mucronata from fertilisation to embryo emergence.  Through development, we have 
shown the persistence of the endosperm and have postulated a role for the suspensor 
of R. mucronata Lam.  Furthermore, we confirm earlier observations and show the 
presence of transfer tissue around the suspensor.  We additionally showed and 
postulated the role of vacuolated endosperm in 'germination'.  Since R. mucronata 
embryos develop to a large degree in the expected manner, this implies that other 
factors inhibiting desiccation are responsible for vivipary in this species and that these 
can not be easily discerned by morphological analyses alone.  These could be further 
investigated by molecular and/ or physiological studies of the endosperm in this 
species and other genera.  
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Abstract 
The phyto-hormone Abscisic acid (ABA) plays an important role in mediating plant processes 
particularly the development of desiccation tolerance.  Viviparous mangroves are naturally 
occurring plants that do not undergo desiccation during embryo and seed development.  These 
mangrove embryos show lower ABA concentrations than non-mangrove relatives suggesting 
its involvement in the development of vivipary.  Using Rhizophora mucronata, a true 
viviparous mangrove the biosynthesis and localisation of ABA in developing embryos is 
analysed to ascertain presence and potential function of the hormone.  ABA is synthesised in 
R. mucronata embryos but accumulates differently from desiccation tolerant seeds, stages 
where the hormone levels should be at a maximum were seen to be lowest.  This observation 
suggests the interference of other factors that influence ABA accumulation to be overriding in 
these embryos. 
 
4 Introduction 
The accumulation of the phyto-hormone abscisic acid (ABA) during embryo 
development of angiosperms has been associated with the induction of dormancy.  
Dormancy is said to occur when all metabolic activity ceases in the mature embryo 
with its surrounding tissues that together make up the seed.  This cessation in 
metabolic activity in spite of favourable growth conditions is a feature found in the 
majority of angiosperms whose seeds are known as ‘orthodox’.  Dormancy is 
considered an advantageous adaptation that allows efficient temporal and spatial 
dispersal.  The origin of ABA necessary for the induction of dormancy is suggested to 
derive largely from de novo synthesis (See Chapter 1) by the embryo per se.  The 
few variants to this generalisation (Nambara and Marion-Poll 2003), indicated 
transport from vegetative or maternal tissue. 
 
With the help of genetic and biochemical studies, synthesis of ABA indirectly from 
xanthophyll precursors has been established as the principle route for production of 
the phyto-hormone in vascular plants (Milborrow, 2001).  Using feeding experiments 
and analysis of mutants from Arabidopsis thaliana and Zea mays as model plant 
systems, the biosynthetic pathway including genes involved in the process have been 
identified (Seo and Koshiba, 2002).  The findings to date suggest that information 
from these model plant systems can be extrapolated to other plant species as the 
mechanisms and genes involved have been found to be highly conserved in 
angiosperms (Koornneef, 2003).  ABA regulated processes in seed physiology depend 
on active hormone levels that are modulated through synthesis of precursors and in 
some cases catabolism and translocation of the hormone.  Synthesis and translocation 
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of ABA in turn may be determined by seed development.  Due to difficulties in 
manipulation, elucidation of the role of ABA in seeds has relied on extrapolated 
information from vegetative tissue; molecular and biochemical studies on synthesis 
and regulation in seeds are scarce (Nambara and Marion-Poll, 2003).  The role of 
ABA in vegetative tissue varies from that in seed, though the synthesis pathway is 
identical.  Vegetative tissue offers a system that provides quick and obvious responses 
to induced stresses involving ABA, making it ideal for experimentation.  
 
ABA biosynthesis in vascular plants initiates in the plastids with β-carotene-derived 
xanthophylls i.e., zeaxanthin, violaxanthin and neoxanthin.  These are the principal 
precursors in the production of ABA.  A double epoxidation reaction via zeaxanthin 
epoxidase converts zeaxanthin first to antheraxanthin and then to 9’-cis-neoxanthin or 
trans-violaxanthin each with 40 carbon atoms.  The C40 xanthophylls are then cleaved 
in a rate limiting step to produce xanthoxin, a C15 intermediate.  Xanthoxin is then 
readily converted to ABA via a series of reactions in the cytosol.  Proof of this 
pathway is implied by a 1:1 molar correlation between decreases in trans-violaxanthin 
and 9’-cis-neoxanthin levels and concomitant increases in ABA and its’ catabolites 
which has been shown for stressed leaf tissue (Rock, et al., 1991).  Parry, et al. (1990) 
provide further indication that reductions in levels of the putative xanthophyll 
precursors of ABA in Xanthium leaves are stoichometrically related to increases in 
levels of ABA and its metabolites.  Their findings strongly suggest ABA biosynthesis 
to be regulated by xanthophyll production, inter-conversion, isomerisation and 
degradation. 
 
The response to ABA in plants differs according to tissue type.  In leaf, ABA causes 
wilting and closure of stomata.  In seeds, interruption in ABA biosynthesis results in 
precocious germination, where the embryo develops unusually early and fails to 
undergo desiccation or exhibits a phenomenon known as vivipary.  Vivipary occurs 
when the embryo breaks through the seed coat and ovary wall with no cessation in 
metabolic activity.  It defies natural growth inhibitors, such as ABA, and sometimes 
growth continues while the fruit is still attached to the parent plant.  Findings by 
Belefant-Miller, et al. (1994) indicate that biochemical interruption of ABA 
biosynthesis via inhibition of carotenoid synthesis using substances such as 
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fluoridone, results in 100% vivipary in isolated maize embryos in vitro.  These 
findings imply that the source of ABA required to induce dormancy is endogenously 
produced by the embryo.  However, in vivo the same experiment yielded only 85% 
vivipary suggesting that there may be a small degree of maternal influence or a non-
ABA controlled pathway that influences vivipary (Belefant-Miller, et al., 1994).  
 
In ‘orthodox’ seeds, ABA accumulates prior to the induction of dormancy in both 
embryo and endosperm though the level and timing varies between and even within 
species.  For example Ackerson (1984) found that where mid-stage soybean embryos 
cultured in the absence of ABA exhibited precocious germination, young embryos 
under similar treatment underwent normal embryogenesis.  Similar observations were 
made by Berry and Bewely (1992) who found that the potential to either remain 
dormant or germinate varied with maturity, ABA levels and osmoticum.  Non-
endospermic seeds make up a large part of the ‘orthodox’ seeds.  In these seeds the 
endosperm is digested to allow growth of the developing embryo such that at 
induction of dormancy it is no longer evident.  It is from non-endospermic seeds that 
the generalised pattern for ABA accumulation is drawn.  Assays for ABA have shown 
that the induction of dormancy relies on embryonic ABA and maternally derived 
ABA is thought to play a role in other aspects of seed development (Leubner-
Metzger, 2003).  In endospermic species such as tomato, embryo related tissue like 
the endosperm and maternal tissue such as the testa also contribute to seed dormancy.  
Studies like that of Debeaujon, et al. (2000) indicate that even within the various 
tissues there is site-specific, ABA mediated action.  Working with the β Glu1 
transgene in tomato and tobacco Debeaujon, et al. (2000) observed that as compared 
to the rest of the embryo, the gene was down-regulated by ABA particularly in the 
micropylar endosperm.  Furthermore, intermediates of ABA such as xanthoxin have 
been found in associated embryonic tissue like the funicle and pedicel, which may 
suggest transport from vegetative tissues (Nambara and Marion-Poll, 2003).  
 
Dormancy studies form a key component of seed research, due to the impact of the 
trait in crop species.  It follows that the research efforts focus on crops and model 
plant systems such as Arabidopsis thaliana.  Using these systems to unravel what 
actually regulates dormancy, experimental approaches will employ either genetic 
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manipulation to produce mutations, or exogenously feeding of ABA to otherwise 
dormant species.  The most obvious effects of ABA absence in seed i.e., precocious 
germination, vivipary and desiccation sensitivity (recalcitrance) occur naturally in 
very few angiosperms.  True vivipary for example occurs only in some mangroves 
and sea grasses and these are restricted to tropical inter-tidal habitats.  Mangroves are 
true angiosperms and exhibit a similar embryogenesis pattern to that of ‘orthodox’ 
seeds (See Chapter 3) with the exception of dormancy.  As such, they present an 
interesting system for a study to the conditions that lead to deviations from dormancy.  
In spite of the obvious contribution that a naturally viviparous system presents to the 
understanding of dormancy, physiological studies particularly those of ABA and 
vivipary in these species are scarce.  Sussex (1975) presumed that the propagules of 
Rhizophora mangle lack sufficient ABA to induce dormancy.  He cultured young 
propagules on ABA rich media for 7 days in vitro.  Observing no obvious change in 
growth of the embryos/ propagules, he concluded that they did not take up the 
exogenous ABA and could not be induced to enter dormancy.  In another attempt to 
unravel the mystery of vivipary in mangroves, Farrant, et al. (1993), studied the 
differences between recalcitrant and orthodox seeds together with the influence of 
various plant growth regulators, including ABA, on the developmental processes.  
Interestingly, they found that ABA reached a maximum at histo-differentiation and 
decreased afterwards.  Farnsworth and Farrant (1998) delved deeper into the mystery 
of vivipary by comparing ABA levels in mangroves and non-mangrove relatives of 
the closest taxa.  They concluded that mangroves posses much lower ABA levels than 
their closest non-viviparous relatives do. However, this phenomenon was reverse 
when they assayed leaves.  Besides the ascertained presence of ABA in mangroves, 
there are no studies that indicate that the ABA observed in mangroves can be 
endogenously produced by embryo and or propagule (seedling).  A single study by 
Wise and Juncosa (1989) quantified total carotenoid content in the propagules of 
mangroves but they did not attempt to correlate it to ABA levels.  Studies that assess 
the role of specific xanthophyll precursors of ABA could provide decisive information 
on the suggested low levels of ABA in developing, viviparous mangrove embryos. 
 
In this study, we used embryos of the truly viviparous mangrove species Rhizophora 
mucronata Lam. from the coast of Dar es Salaam, Tanzania, to determine the 
functional presence of the ABA synthesis mechanism.  It was attempted to correlate 
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xanthophyll levels to levels of ABA from embryos collected in the field. The results 
are presented as an accumulation profile through development.  The defining point for 
maturation in R. mucronata Lam. embryos is the point of emergence from the 
micropyle, whereby the embryo has defied dormancy.  Finally, tissue specific 
localisations of ABA were carried out to establish the capacity of viviparous embryos 
to endogenously produce ABA. 
 
4.1 Materials and Methods 
Plant Material 
R. mucronata trees normally support all the different stages of flowers and developing 
propagules at any single point in time.  Thus it is not uncommon to see a tree carrying 
green flower buds and a propagule that is about to abscise.  Individual collection times 
were completed within a short time frame of approximately half an hour.  All samples 
were collected in the morning between 10.30 and 11.30 following which identical 
processing was conducted.  
 
Ovules from the nine categorised stages (See Chapter 3) were collected from the 
field and processed according to the analyses to be carried out.  For the physico-
chemical experiments ovules were lyophilised and stored at -70oC prior to extraction.  
Ovules for the immunohistochemical analysis were treated immediately as described 
below. 
HPLC analysis 
Xanthophylls were extracted from lyophilised ovules according to Parry, et al. (1990), 
whereby 0.1 – 1.5g ground tissue was extracted with cold (-20oC) ethanol containing, 
2,6-di-tert-butyl-4-methylphenol (BHT) 100mgL-1 as an antioxidant and re-distilled 
tri-ethylamine (TEA; 0.1%, v/v) to maintain an alkaline pH.  Extraction was done 
overnight at 4oC in the dark and then for an additional 8hrs with fresh buffer, both 
extracts were pooled and filtered.  The filtrate was then centrifuged at 9000g for 20 
min and the supernatant filtered with C18 Sep-Pak filters.  The resulting filtrate was 
concentrated to dryness then re-suspended in 1000µl ethanol for analysis.  Samples 
were in most cases analysed immediately following extraction but otherwise stored at 
-20oC in ethanol for no longer than two weeks. 
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20µl aliquots were run in duplicate on a Waters HPLC system using ODS-Spherisorb 
Phase separations (Queensferry, Clwyd, UK); 250mm long, 4.5mm id.  An elution 
profile with a linear gradient of 10-50% Y in X was used for 45min at 1ml/min, where 
X was 85% methanol (+0.1% TEA; v/v) and was 6:4, dichloromethane: methanol.  
The eluate was monitored between wavelengths of 300-500nm, but for the analysis of 
data chromatograms obtained at 440nm were used.  Injection of standards of Lutein 
(Fluka), Neoxanthin and Violaxanthin (Chromadex) were used to confirm peak 
identification. 
Indirect ELISA 
Extracts remaining from the HPLC runs (~960µl) were then evaporated to almost 
dryness. The resulting residue was taken up in 5ml phosphate buffer 
(KH2PO4/Na2HPO4, 0.1M, pH 6.0) and purified by passing through a column of 
polyvinlypolypyrrolidone (PVPP, 3 x 2 cm) in phosphate buffer pH 6.0.  The resulting 
eluate totalled at least 25ml.  The eluate was then acidified to pH 2.5 (H3PO4) and 
partitioned 3 times against equal volumes of dichloromethane.  The combined ABA 
containing dichloromethane layers were pressed through a Sep-Pak silica cartridge.  
ABA was then eluted with 10ml methanol and evaporated till dry. 
 
The dried ABA was taken up in 1000µl TBS (50mM Tris, 150mM NaCl, and 1mM 
MgCl2, pH 7.8) for analysis by indirect ELISA.  The indirect ELISA followed a 
procedure as recommended by Weiler (Pers. comm.).  Briefly, 96 well plates were 
coated with RAMIG (Sigma) at a concentration of 0.2 – 0.5mg/20ml carbonate buffer, 
pH 9.6 overnight at 4oC (200µl per well), the following incubation with the 
monoclonal 15-I-C5, anti- ABA antibody labelled with alkaline phosphatase 
(0.05mg/20ml NaHCO3 or TBS) was also done overnight at 4oC.  Following two 
washing steps, the plates were incubated with 50µl of ABA standard or probe and 
100µl TBS for 1hr at 4oC.  After this incubation, 50µl of ABA-alkaline phosphatase 
conjugate (1:1,000 diluted with TBSG) was added to the wells and incubated for three 
hours at 4oC.  The plates were then washed twice and 200µl fresh substrate solution 
(20mg pNPP/ 20ml DEA-buffer) was added to each well and then incubated for 1hr at 
37oC.  The reaction was stopped with 50µl of 5M KOH.  Absorbance was measured 
on a Victor instrument microplate reader at a wavelength of 405nm and at 620nm as a 
reference wavelength.  
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Immunolocalistion 
Plant material and tissue preparation for immuno-histochemistry 
Freshly picked ovules from the various categories of R. mucronata were roughly 
dissected to remove most of the testa and ovary and rapidly prefixed with freshly 
prepared 2% aqueous 1-ethyl-3 (3-dimethyl-amino-propyl) carbodiimide (EDC) 
solution at 4oC for 2hours under reduced pressure.  The tissue was then post-fixed 
with 2% glutaraldehyde (2% glutaraldehyde in 1% paraformaldehyde; 2% sucrose; 
0.05% CaCl2*2H2O; 0.1% Tween 20; 0.1M PIPES pH 7.0) for 3hrs and following, the 
specimen were rinsed with 0.1M PIPES buffer pH 7.0 several times, including an 
overnight wash at 4oC.  The tissue was dehydrated in a graded ethanol/ distilled water 
series from 10% to 100% ethanol with increments of 20%, 15min per step.  The 100% 
wash was repeated twice for 30min.  The ethanol was then replaced by xylene using a 
serial dilution of 3:1, 1:1 and 1:3 ethanol: xylene and finally pure xylene, each step 
lasting at least one hour.  A few paraffin pellets were added to the tissue in pure 
xylene, and the samples were left overnight at room temperature.  Gradually the 
xylene was replaced by molten paraffin at 60oC over at least 4 washes, each lasting 6 
hours.  Finally, the samples in molten paraffin were poured into Petri dishes to 
solidify for sectioning. Sections of 7µm were made using a hand microtome and 
mounted onto slides coated with 1% aqueous gelatine.  The mounted sections were 
de- waxed in 100% xylene and re-hydrated by a reverse graded ethanol series to 
water, one min per wash.   
 
Immunostaining for Light microscopy 
The (+) cis, trans-ABA-Bovine serum albumin antiserum with pre-immune serum 
was a kind gift from Dr Shiozaki (Osaka Prefecture University, Japan).  The sections 
were deparafinized and hydrated with successive xylene/ethanol and ethanol/water 
steps (Sternberger, 1979) and 2 x 5 min in Tris-saline buffer 0.05M, pH 7.4 with 1% 
BSA. Sections were incubated with (+) cis, trans – ABA – Bovine serum albumin 
antisera , 1:300 diluted in Tris-saline buffer 0.05M, pH 7.4 with 1% BSA. The control 
was incubated with pre-immune serum, 1:300 diluted. Following incubation for 1hr in 
a moist chamber at 25oC for 60min, sections were rinsed 3x in buffer with 1% BSA 
and processed according to the peroxidase-anti-peroxidase (PAP) procedure 
(Sternberger 1979).  The sections were incubated with the second antibody, a 
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horseradish peroxidase-coupled rabbit anti-mouse IgG (RAM-HRP, Pierce, Rockford, 
Illinois) 1:50 diluted, for 1h.  Staining was carried out for 10 minutes with 0.5mg/ml 
3,3’ diaminobenzidine (DAB; Sigma, St. Louis, MO) and 0.01% hydrogen peroxide 
in Tris-saline buffer as a substrate. Observations were made with a Leitz Orthoplan 
microscope (Leica Microsystems GmbH, Wetzlar, Germany) fitted with a Color 
Coolsnap digital camera (Roper Scientific, Tucson, AZ) and the Meta Vue (Universal 
Imaging Corporation, West Chester, PA) software.  
 
4.2 Results 
ABA precursors 
Peaks from HPLC chromatograms for the xanthophylls, zeaxanthin, neoxanthin and 
violaxanthin were sufficient to confirm the presence of the ABA synthesis mechanism 
in R. mucronata developing embryos. Additionally, chromatograms of another 
xanthophyll, lutein were included in the analysis to eliminate possible errors in 
observation as it elutes very close to zeaxanthin when using methanol and 
dichloromethane as solvents.  Lutein occurs in high quantities in plant tissues, but 
does not contribute to ABA synthesis and so inclusion in the analysis reduces the risk 
of misleading results. From the HPLC chromatograms, zeaxanthin constituted the 
highest level with up to 22,000 x10-7mg/ mg dry ovule tissue.  The derivatives of 
zeaxanthin, violaxanthin and neoxanthin showed levels approximately 100 times 
lower than that of zeaxanthin.  The samples did not show a clear trend of 
accumulation with season. Collections were made in February (2), March (3), April 
(4), July (7) and September (9).  Tanzania normally has two wet seasons; long rains 
from mid March to the end of June and short rains from mid October to December.  
The month of February has the highest temperatures (approx. 36oC at the coast), and 
from July to September it is dry and cool (approx 24oC at the coast).  In addition to 
the annual rainfall patterns, local influences like the level of humidity (approx 95%) 
and ocean current cause sporadic showers at the coast throughout the year.  R. 
mucronata generally flowers all through the year though peak flowering is between 
January and March and thus, some degree of influence from seasonality was 
anticipated.  Though the samples collected on the same day produced reproducible 
chromatograms we could not compare samples collected on different dates (See Figs 
1a –d). 
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Figure 1: Measurements are from duplicate chromatograms from the months of Febuary (≡), March 
(▓), April (□), July (■) and September (░).  Developmental categories 1 – 9 represent ovule stages as 
described in Chapter 3. 
 
ABA in R. mucronata ovules 
The indirect ELISA using ABA extracts purified from the same ovules used in the 
xanthophyll measurements showed consistent accumulation patterns despite collection 
in different seasons.  From Fig 2a, early stages of development (stages 1 – 3) 
exhibited the highest levels of the ABA.  These stages include fertilisation up to the 
globular embryo stage of development.  During mid development (stages 4 – 6) the 
embryo undergoes histo-differentiation and the major meristems are formed.  In 
‘orthodox’ seeds ABA accumulation starts during these stages, but in R. mucronata 
these stages showed the lowest hormone levels (See Fig. 2a).  At the point of 
emergence of the embryo from the micropyle (stages 7-8; ‘germination’), there was a 
slight increase in ABA levels, but these were much lower than those at early 
development.  In stage 9 the embryo proper has emerged from the micropyle and the 
hypocotyl is visible outside the testa and, as expected during germination, ABA levels 
are very low.  Alongside the measurements of ABA, the pH value of fresh ovules was 
measured to assess changes in the physico-chemical environment for the various 
stages.  ABA is a weak uncharged acid with a Pka value of 4.8 and generally control 
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of its movement follows the ‘anion trap’ concept.  In its dissociated form the weak 
anion accumulates in alkaline compartments (e.g. illuminated chloroplasts) and may 
redistribute according to pH gradients across membranes.  The present experimental 
approaches on Rhizophora embryos did not allow to directly measure intracellular or 
wall pH. Therefore, we took the pH change of the total embryo as an indication for 
possible shifts in cytosolic and wall pH.  On the whole, the ovules of Rhizophora are 
relatively acidic with an average pH of 4.5.  The early stages were the most alkaline 
with a pH at 5.5.  During mid development the pH drops and only rises after 
emergence of the embryo in stage 9 (See Fig 2b).  The calculated ionisation 
percentages for the various stages would then suggest that ABA is more likely to be 
active in the early stages than during mid development.  A drop in ionisation 
percentage from 86% in stage 2 to as low as 11% in stage 6 suggests that, the osmotic 
environment during mid development may interfere with ABA activity.  At stage 9 
some sign of recovery is recorded as the ionisation percentage rises to 29% (See Fig 
2b).  
 
  
Figure 2a: ABA levels through development of n=5 (number of ELISA repeats).  Fig 2b:  pH (♦) 
measurements from 50mg ovule material in 10ml distilled water and percentage ionisation (○).  
 
The processing procedures performed for HPLC and indirect ELISA advocate short 
handling times that do not allow for detailed dissection of the ovules into various 
components.  Thus the results obtained from these analyses can only be used to prove 
that ABA is present and is being synthesised in the ovules of R. mucronata.  As 
endogenous production of ABA by the embryo per se is suggested to be a pre-
requisite for the induction of dormancy, tissue specific examination is necessary.  The 
method of confirmation employed in this study complements the biochemical 
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analyses by providing appropriate evidence of where the hormone accumulates.  
Fixed ovules were dissected to separate maternal (integuments) from embryonic 
(embryo, suspensor and endosperm) tissue.  The samples were sectioned and tested 
immuno-histochemically for ABA presence.  Only sections from stages of meristem 
initiation (4 – 5) to reserve accumulation (6 – 8) were examined for positive 
peroxidase activity which is indicative of anti-ABA binding.  Early stages are not 
presented. 
 
 
Figure 3: Left panel shows positive anti ABA activity and right panel shows pre-immune staining for 
corresponding stages on left.  a) Stage 4 embryo showing concentration of cells in distal region where 
meristems initiate.  c) Stage 7 embryo meristems clearly defined; suspensor evident but not stained.  d) 
Stage 9 emerged embryo, suspensor persistent.  II = inner integument; Emb = embryo; End = 
Endosperm; S = Suspensor; SAM = Shoot apical meristem; RAM = Root apical meristem; Cot = 
Cotyledon. 
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Positive reactions for ABA were observed in all sections from meristem initiation 
(See Fig 3a) to stage 9 where the embryo had emerged from the micropyle (See Fig 
3e).  Some staining was also observed in the outer integument cells of the testa 
indicating the presence of ABA in maternal tissue.  Stages following meristem 
differentiation showed lower staining intensities (See Fig 3c) than those at the time of 
meristem initiation.  Consistent with the theory that ABA occurs in the cytosol, 
staining was most obvious in embryo cells, which have a larger amount of cytoplasm 
than endosperm cells.  ABA is easier to locate in cells with a lot of cytoplasm than in 
the relatively empty endosperm cells.  In Rhizophora the endosperm has large 
vacuoles and staining appeared to be concentrated close to the cell wall where most of 
the cytoplasm occurs.  The persistent suspensor of Rhizophora is formed by early 
divisions in the embryo and serves as an anchor and channel for nutrients from 
maternal tissue until the time of emergence from the micropyle.  A persistent 
suspensor is not common in dormant seeds where the suspensor degenerates prior to 
the induction of dormancy at the end of reserve accumulation and maturation.  
Interestingly, the suspensor in Rhizophora did not show positive reactions for ABA at 
any stage of development, thus suggesting that despite being a potential channel for 
metabolites from maternal tissue, ABA is not transported via this organ. 
 
4.3 Discussion 
ABA precursors 
Drawing a correlation of xanthophyll concentrations to ABA levels in vivo was not 
readily established as the amount of xanthophylls far exceeded the amount of ABA by 
3 to 100 fold.  This made it difficult to relate changes in ABA concentration with 
increments in carotenoid levels.  Similar observations have been previously made by 
Li and Walton (1990) in their attempt to quantify xanthophylls and ABA in bean 
leaves.  They suggested that the involvement of xanthophylls in other mechanisms 
like photosynthesis and non-photochemical quenching may explain the uncertainty in 
their findings.  However, in developing embryos, processes that involve xanthophylls 
other than the production of ABA have not been identified.  Though Parry et al. 
(1990) suggest that the quantitative and qualitative distribution of xanthophylls in 
tissue and species may vary widely, studies on distribution of xanthophylls in seeds 
are lacking. Drawing a correlation between xanthophyll and ABA levels in R. 
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mucronata was further complicated by the inconsistent patterns observed in the HPLC 
chromatograms.  This inconsistency may result from continual synthesis and 
consumption of xanthophylls in yet unidentified alternate processes.  In leaves for 
example the violaxanthin produced is not used only to make ABA but is channelled 
elsewhere (Li and Walton, 1987).  
 
ABA in ovules 
The general picture is even more complicated if differential ABA distributions and pH 
effects are considered. The present findings on general pH shifts during development 
and its possible implication for ABA activity, may indicate that such factors play an 
important role and should not be neglected.  Given the uncertainties on both 
experimental approach and ABA action in Rhizophora seeds, the present results 
however are not fully conclusive in this respect. 
 
The ABA accumulation profile observed in this study supports the finding by 
Farnsworth and Farrant (1998) on mangrove members of the Rhizophoraceae.  They 
compared ABA levels in three developmental stages of the mangrove species to 
similar stages in close taxonomic relatives.  However, their study focussed on the 
stages of histo-differentiation, mid-maturation and maturation, while this study 
includes stages such as the globular embryo and germination stage.  The inclusion of 
earlier and later stages of embryo development provides important additional 
information, as the highest levels of ABA were observed precisely during these 
stages.  In the generalised plant model for ABA accumulation (Quatrano (1987)), 
early development and late maturation have lower levels of ABA than during mid 
maturation.  This is contrary to the observations in Rhizophora and the results 
strongly suggest that the high levels of ABA during early development and the slight 
increase at germination originate from maternal or vegetative tissue and cannot be 
entirely attributed to endogenous ABA production by the embryo. 
 
Studies that conduct tissue specific analysis of ABA suggest that levels in the testa at 
any one stage of development generally are significantly higher than in the 
corresponding embryo in ‘orthodox’ species (Nambara and Marion-Poll, 2003; Frey, 
et al., 1999).  However, none of these studies present data suggesting that ABA levels 
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in the testa at early development are higher than at mid or late maturation as seen in 
this study. 
 
The slightly higher level of ABA at histo-differentiation than at subsequent 
maturation stages is similar to what was found in a crypto-viviparous mangrove 
Avicennia marina by Farrant et al (1993).  The embryo of this species penetrates the 
pericarp only after the fruit is abscised, unlike what is seen in truly viviparous species.  
Furthermore, A. marina is not a taxonomic relative of Rhizophora, but interestingly 
occurs in the same inter-tidal habitat.  The occurrence of non-related taxa featuring 
vivipary is the basis of the suggestion that vivipary may be an adaptation for survival 
in the mangrove habitat.  In A. marina Farrant et al., (1993) observed little change in 
ABA levels during embryo maturation, though the pericarp did accumulate ABA.  
Based on this differential accumulation, they suggested ABA in the pericarp to be a 
key factor in imposing maternally controlled dormancy that results in crypto-vivipary 
in A. marina.  In an effort to confirm this hypothesis they assessed water changes in 
the embryos through development but little reduction was found.  This suggests that 
there was no water removal at maturation, unlike during the induction of dormancy. 
 
What is seen in A. marina can be compared to what has been observed in species like 
tomato where ABA levels in maternal tissues play a key role in inhibiting precocious 
seed germination (Berry and Bewely, 1992).  However, the seeds in tomato, unlike 
those of A. marina, undergo dormancy and desiccate, but following maturation they 
are not dispersed but housed in the fleshy moist ovary.  High ABA levels and the 
osmotic environment of the fleshy moist ovary prevent the seeds from precocious 
germination in an otherwise favourable environment for germination.  The fruit of A. 
marina is similar to that of R. mucronata in that it is not fleshy and moist, but rather it 
is fibrous and does not hold much water at maturity.  Thus, apart from the high ABA 
levels in the pericarp, additional factors like osmotic stress that would prevent 
precocious germination seem unlikely. 
 
It may be hypothesised that promotion of vivipary occurs by yet unidentified factors 
early in development when the tissues surrounding the embryo are less fibrous and 
dry.  This hypothesis is supported by variations seen in ‘orthodox’ seeds where the 
induction of dormancy is regulated separately from its maintenance.  In cacao 
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embryos endogenous ABA is able to induce dormancy during seed development.  But 
precocious germination is suppressed by osmotic stress rather than elevated levels of 
ABA (Pence, 1992)). 
 
An alternate and/or additional explanation for the higher ABA levels at histo-
differentiation as observed in Avicennia has been suggested by the Farrant et al., 
(1993) who suggested that the high ABA levels would account for the high number, 
57 – 68%, of aborted seed in the days following fertilisation.  However, they do not 
provide an explanation on the possible mechanisms involved. 
 
Somewhat similar results have been found in some cereals (maize and barely) vp14 
mutants where ABA imported from leaf tissue induced seed death (Milborrow, 2001).  
It may be that the ABA detected in the ovules of Avicennia and possibly Rhizophora 
is likewise imported from other vegetative tissue.  In this study a number of aborted 
propagules from the various stages were encountered during collection of ovules, but 
the amount of material collectable in campo in a short time frame did not allow 
reliable quantification.  Additionally, from the four ovules produced by Rhizophora 
only one is fertilised and potentially develops into a propagule.  This and the high 
number of aborted propagules raise questions on energy management in the species.  
One plausible scenario for this character would be that to adapt to nutrient challenges 
in a harsh environment, a concentration of resources is necessary to ensure survival.  
Thus, the aborting ovules could release some of their nutrient reserves and by doing 
so channel energy to support the surviving propagules.  Using an immuno-
histochemical approach, the presence of ABA in the embryos of R. mucronata could 
be established, thus validating and specifying the physiochemical results (HPLC and 
ELISA).  Both free and bound ABA is present in plant tissues, though, depending on 
the species, the bound form mostly is the more abundant one (Weiler and Zeigler, 
1981).  ABA action in plants is principally mediated by the free form.  The 
monoclonal anti-ABA sera used for the indirect ELISA detects specifically free ABA, 
the active form. 
 
To detect alcohol soluble free ABA, pre-fixation with EDC is necessary as it can be 
washed out during processing.  Pre-fixation with EDC principally binds mainly free 
ABA making it insoluble in alcohol where most other ABA related compounds 
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remain soluble and are thus washed out during extraction.  The anti-serum used in for 
the histochemical analyses was raised against ABA bound to EDC and conjugated to 
BSA.  The EDC derived anti-sera and the monoclonal anti-sera utilised in the Indirect 
ELISA though raised through different means give comparable results as both cross 
react only with the biologically active form of ABA. 
 
The presence of ABA observed in the various stages of development in R. mucronata 
complements the ELISA results indicating both maternal (testa) and embryonic tissue 
accumulated ABA.  The intense stain observed during histo-differentiation 
particularly in the region of meristem initiation may be explained by the density of 
cells in a rapidly dividing region.  In later stages the decrease in stain intensity may be 
due to distribution of the cytoplasm in a larger cell volume.  ABA is generally located 
in the cytosol; thus cells with sparse cytoplasm will stain less than those with dense 
cytoplasm.  This is particularly obvious in the vacuolated endosperm cells which 
appear to lightly stain close to the cell wall.  The cytoplasmic distribution has been 
confirmed by ultra-structural analysis (See Chapter 3).  R. mucronata has two types 
of endosperm cells, one form is highly vacuolated and another is not.  The non-
vacuolated endosperm cells show transfer tissue-like morphology and form a 
boundary at the periphery, close to the outer integument with some cell layers 
surrounding the embryo.  Characteristic of transfer tissue, these cells have 
labyrinthine finger-like walls and are thought to facilitate transport of metabolites 
from maternal tissue to the embryo.  The intense staining observed in these 
endosperm cells suggests that they may play a role in transporting ABA from 
maternal tissue to the embryo via apoplastic transport.  The possible origin of the 
ABA in these cells then may be either endogenously produced, or translocated from 
maternal and vegetative tissues.  Positive staining in the integuments confirms that 
part of the ABA detected by the Indirect ELISA is maternally derived.  The positive 
staining of both maternal and embryonic tissue makes it difficult to rule out transport 
between the various tissues.  However, the absence of ABA in the suspensor, which is 
the principal channel transporting metabolites to the embryo, strongly suggests that 
the ABA observed in the embryo is endogenously synthesised in R. mucronata 
embryos.  This observation may partially explain the observations by Sussex (1975).  
His cultured Rhizophora mangle embryos showed no uptake of ABA by measure of 
physiochemical analysis.  Thus the slight possibility that the observed ABA levels in 
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the embryos of R. mucronata originates from maternal or even vegetative tissue can 
not be completely disregarded. 
 
4.4 Conclusions 
In this study we argue that similar to the embryos of most ‘orthodox’ seeds, ABA is 
largely endogenously produced in viviparous mangrove embryos.  However without 
feeding experiments where ABA can be taken up by R. mucronata developing 
embryos estimation of the precise amounts of hormone necessary for the induction of 
dormancy in this species is futile.  The accumulation profiles presented in this study 
strongly suggest other factors and/or mechanisms that interfere or override ABA 
action, resulting in vivipary.  Sussex (1975) mentioned in particular the possible 
absence of water stress that may cause dormancy triggers in mangroves to be 
dysfunctional (See Chapter 5). 
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Rhizophora mucronata Lam. embryos suggests 
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Abstract 
Desiccation tolerance in angiosperm seeds that leads to dormancy has contributed 
significantly to the survival success of this plant group.  A number of factors in seeds are 
known to contribute to the dormancy trait one of which is the presence of a group of proteins 
expressed during late embryogenesis called dehydrins.  Dehydrin function is postulated on the 
basis of expression during dormancy and other drought related stresses like increased salinity.  
We assessed a naturally desiccation sensitive species, Rhizophora. mucronata that colonizes a 
high saline environment for the presence of dehydrins to determine whether these proteins 
confer tolerance to salinity through embryo development.  Western analysis of whole ovules 
and immuno-histochemistry of embryos showed expression of a 64kDa protein band and 
localisation in embryo tissue respectively, using a polyclonal anti-dehydrin serum.  The 
detected protein dehydrin – like protein is not heat stable suggesting an alternate mode of 
function of the protein in R. mucronata. 
 
5 Introduction 
Dormancy is a trait characteristic to ‘orthodox’ angiosperm seeds which are the 
majority in that group.  The trait enables seeds to survive adverse conditions with 
minimal energy investment providing better storage and dispersal opportunities.  
Dormancy is generally induced during late stages of seed maturation and prior to 
induction; a considerable quantity of water (~90%) is gradually lost by desiccation.  
Desiccation is a pre-requisite for dormancy which also signals completion of the plant 
life cycle. Desiccation in plants is realized by programmed expression of a variety of 
factors such as the phyto-hormone abscisic acid (ABA), late embryogenesis abundant 
(LEA) proteins and some low molecular weight solutes during embryogenesis. 
 
Most living cells can tolerate a wide range of fluctuations in water deficit (Potts, 
2001) but extreme and rapid loss of water is fatal. Continued viability following water 
loss is enabled by the presence of mechanisms that can limit the damage from water 
loss to a minimum repairable level, maintain the physiological integrity in a dried 
state and mobilise repair upon re-hydration when necessary.  The extent and manner 
in which such mechanisms operate may vary between and within species.  These 
differences account for the variability observed in the level of tolerance to water 
deficit.  Lower plants such as bryophytes, lichens and algae show full tolerance to 
extreme conditions of water loss to their vegetative structures (O'Mahony and Oliver, 
1999).  Here recovery employs chiefly cellular repair mechanisms.  Vascular species 
on the other hand have modified drought tolerance (Ingram and Bartels, 1996) as they 
survive only slow rates of water loss made possible by morphological and 
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physiological adaptations.  Vascular plants being more complex organisms employ 
cellular repair mechanisms as do lower plants and additionally accumulate putative 
protective factors such as LEAs which enable them to withstand desiccation to both 
vegetative and reproductive tissues.  In angiosperms desiccation tolerance is rarely 
observed in vegetative organs (leaf and root) but is commonly found in ‘orthodox’ 
seeds and pollen, where it is developmentally regulated. 
 
The LEA proteins were first isolated from maturing cotton embryos (Close et al., 
1993) they are generally hydrophilic, display biased amino acid compositions (no 
cysteine or tryptophan) and have highly conserved signature amino acid motifs 
(repeats).  LEAs are almost ubiquitous in the cell; they occur predominantly in the 
cytoplasm (Dure, 1993) but have also been detected in the nucleus and storage 
vacuoles (Marttila S, et al., 1996).  LEAs make up a large family of proteins (6 
groups) that have been isolated from several species of both higher and lower plants.  
One group of LEAs known as dehydrins are suggested to be primarily involved in 
stress-dependent reactions such as salinity and dehydration in vegetative tissue and 
development in reproductive tissue.  
 
In developing embryos that go through various metabolic states in the course of 
maturation, changes in metabolic state may play a role in determining the rate of 
water loss at desiccation (Hoekstra, et al., 2001).  The appearance of dehydrins in 
embryonic tissue is associated not only with maturation but also with higher levels of 
endogenous ABA (See Chapter 4) hence the reference to them as ABA inducible 
proteins.  In ‘orthodox’ seeds, ABA accumulation during late maturation is thought to 
prevent germination and promote desiccation tolerance. 
 
The function of dehydrins in desiccation is deduced from structure and expression as 
precise mechanisms are yet to be established.  Dehydrins are group II LEAs also 
known as D-11 and are the most studied among the drought-induced water-soluble 
proteins.  The proteins have been isolated from a diversity of species and exhibit a 
wide range of molecular masses from 9 to 200kDa.  A review of plant dehydrins by 
Allugulova, et al., (2003) outlines the characteristics of the proteins.  They are 
generally thermo-stable and maintain their integrity in aqueous solutions up to 100oC.  
The amino acid sequence is enriched with glycine and lysine residues and 
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characteristic to LEAs, they lack cysteine and tryptophan.  The presence of 
conservative sequences denominated K-, S-, and Y- segments are structural features in 
the majority of dehydrins.  The K-segment in particular is a highly conserved Lysine-
rich motif found at the carboxy terminus consisting of 15 amino acid residues 
(EKKGIMDKIKEKLPG) and is an obligate feature for all dehydrins.  The S segment 
is a serine and threonine rich stretch, whilst the Y segment is DEGYGNP motif found 
in one to three copies at the amino terminus of the protein.  Dehydrins are thought to 
protect desiccating tissue by binding or replacing water stabilising proteins and 
membrane structures against low water activity brought about by freezing or 
desiccation (Arora, et al., 1997; Wise and Tunnacliffe, 2004).  
 
The occurrence of dehydrins in vascular plants is considered to be highly conserved as 
they have been isolated from vegetative and reproductive tissues in a wide spectrum 
of plant species.  Though the presence of dehydrins is thought to be necessary for the 
acquisition of desiccation tolerance of ‘orthodox’ seeds they have also been isolated 
from some species that are sensitive to desiccation.  Seeds sensitive to desiccation are 
regarded as being ‘recalcitrant’, examples of which are some species of oak (Quercus 
spp.), sycamore (Acer pseudoplatanus) and Norway maple (Acer platanoides), some 
marine grasses (Thalassodendron and Amphibolis) and some mangroves like 
Avicennia and members of the (Rhizophoraceae family) tribe Rhizophoreae.  The 
inability of ‘recalcitrant’ seeds to withstand extreme water losses results in embryos 
that exhibit varying degrees of non - dormancy and for some extreme cases, vivipary.  
Vivipary is characteristic to developing embryos that do not enter dormancy and 
germinate whilst attached to the maternal plant.  Storage of ‘recalcitrant’ seeds is 
inhibited by the high internal seed hydration levels that are required to sustain 
metabolism and embryogeny (Farnsworth and Farrant, 1998).  Studies with several 
‘recalcitrant’ seeds report the absence of dehydrins in mature embryos suggesting that 
this may relate to the non - dormancy trait observed in these plants (Farrant, et al., 
1996).  However, in some temperate ‘recalcitrant’ seeds like Castanea sativus and 
Acer saccharinum, dehydrins have been detected by Northern blotting using probes 
from cotton.  The expression patterns suggest a correlation to cold acclimatization 
rather than desiccation as is required for the induction of dormancy (Finch-Savage, et 
al., 1994).  Farrant et al., (1996) employed western analysis on mature seeds from 
both temperate and tropical recalcitrant species.  Their study confirms the findings by 
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Finch-Savage, et al., (1994) and suggests that the absence of dehydrins in tropical 
species may account for the extreme form of non-dormancy or vivipary observed in 
tropical species.  Farrant, et al., (1996) considered species that were crypto-viviparous 
like Avicennia and truly viviparous like Rhizophora and Brugueira as tropical 
‘recalcitrant’ species.  Temperate ‘recalcitrant’ species included Castanospermum 
australe and Camellia sinsensis from warm temperate areas and Aesculus 
hippocastunum from cold temperate areas.  From their observations Farrant, et al., 
(1996) concluded that the occurrence of dehydrins in angiosperms could be either 
developmentally regulated as is seen in ‘orthodox’ seeds, or geographically 
determined as seen in ‘recalcitrant’ temperate species. 
Dehydrin expression associated to the induction of dormancy is normally observed 
during late embryo maturation in ‘orthodox’ seeds.  Viviparous species such as 
Rhizophora mucronata lack an obvious stage of quiescence, thus frustrating the 
isolation of embryos at the final stage of embryogenesis or maturation where dehydrin 
activity would be required if desiccation where induced.  An examination of 
developing embryos of Rhizophora mucronata presented in this study aims to provide 
conclusive information on the absence of dehydrins in tropical ‘recalcitrants’ as 
suggested by the study of Farrant, et al., (1996).  Here we assessed the presence of 
dehydrin during development from fertilisation to the point of emergence from the 
micropyle.  In addition, we attempted to specifically localise dehydrins in dormancy-
related tissues to exclude the presence of dehydrins that may not be associated to 
desiccation for the induction of dormancy. 
 
5.1 Materials and Methods 
 
Plant Material 
Ovules from all nine developmental stages were collected from the Mbweni fishing 
village in Dar es Salaam (See Chapter 3).  For protein isolation and Western blotting 
collected ovules were lyophilised and stored at -70oC till extraction.  Ovules for 
immuno-localisations were processed as described below. 
 
Two anti - dehydrin sera were employed in the study.  The first anti - dehydrin serum 
Close, et al. (1993) (Close et al, 1993) and the peptide-salt containing the dehydrin K-
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segment consensus peptide were kind gifts from Dr Timothy Close (Riverside 
California).  Dr Bartels (Bonn University, Germany) kindly provided the second anti - 
dehydrin serum that was prepared according to Schneider, et al., (1993). 
 
Protein Extraction 
R. mucronata ovules contain high levels of polyphenolics and tannins that interfere 
with standard extraction buffers during protein isolation and quantification.  Only 
with the use of a protocol for recalcitrant and protein-poor tissue by Hurkman and 
Tanaka (1986) reasonable quantities of protein were obtained from R. mucronata 
ovules.  The extraction medium is made up of 10mM EDTA, 0.4% β-Mercapto-
ethanol and 0.9M sucrose in 0.1M Tris-HCl at pH 8.8.  Equal volumes of extraction 
media and Tris pH 8.8 buffered phenol were added to liquid nitrogen ground 
lyophilised tissue in a ratio of 1g tissue to 5ml extraction buffer.  The high sucrose 
concentration increases the density of the aqueous phase, which then inverts placing 
the phenol phase on top.  The homogenates were agitated for 30 min at 4oC and then 
centrifuged at 5000g, 4oC for 10min.  The top phenol phase was removed and the 
aqueous phase re-extracted with another 5ml of extraction medium and Tris buffered 
phenol and centrifuged.  The resulting phenol phase was combined with that from the 
first extraction.  Total protein was precipitated with 5 volumes of 0.1M ammonium 
acetate in 100% methanol overnight at -20oC.  The pellet formed was vortexed for 
1min (to dissolve any lipids that may have precipitated with the protein) and 
centrifuged at 20,000g, 4oC for 20min.  The resulting pellet was washed twice with 
0.1M ammonium acetate in 100% methanol and next twice with cold 80% acetone to 
remove remaining lipids.  The final wash was done once with cold 70% ethanol.  
Between each wash the pellet was gently vortexed or sonicated and stored at -20oC for 
15min to ensure complete re-suspension prior to centrifugation.  Two separate 
isolations were made; one where heat coagulating proteins were removed by heating 
at varying temperatures (10oC – 80oC) and the other where no heat treatment was 
carried out.  The final pellets were dried under vacuum, re-suspended in sample 
loading buffer and stored at -20oC.  For both isolations storage in 200µl 2* Sodium 
Dodecyl Sulphate (SDS) loading buffer (0.125M Tris-HCl pH 6.8, 4% SDS, 20% v/v 
glycerol, 0.2M DTT, 0.02% bromophenol blue) was preferred to standard buffers such 
as Phosphate Buffered Saline (PBS) as the protein pellets did not dissolve easily in the 
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absence of SDS.  This insolubility may be due to hydrophobic compounds bound to 
the proteins, despite the action of extraction and precipitation buffers.  As SDS 
interferes with recommended quantification assays, we used an amido black staining 
protocol adopted from Dieckmann-Schuppert & Schnittler (1997).  The amido black 
stain is compatible with SDS and gives reproducible results. 
 
Western-blot analysis 
~1.5µg total protein was separated by SDS-PAGE.  Loaded gels of 12.5% were run at 
100v for 2 hrs.  One gel was electro blotted onto a 0.45µm-pore-size nitro-cellulose 
membrane (Optitran BA-S 85, Schleicher & Schuell).  The membranes with 
transferred protein were then dried between two Whatman filter papers before 
Western analysis.  The counter gel was stained with Coomassie blue for confirmation 
of protein loading.  For western analysis, the blots were washed twice with TBS (pH 
7.5) and non-specific binding was blocked with 10% skimmed milk powder in TBS 
overnight.  The primary antibody (Close et al, 1993) was directed to the K-segment 
consensus peptide (TGEKKGIMDKIKEKLPGQH) and 1:1000 diluted in a 5% 
skimmed milk powder/ TBS buffer.  Incubation was carried out overnight at 4 o C.  
Following primary antibody incubation the blots were washed three times for 5 min in 
TBST (TBS with 0.1% Tween-20) and incubated in a secondary antibody, a anti-
rabbit immunoglobulin G-horse radish peroxidase (Sigma) diluted 1:20,000 in 5% 
milk/ TBS buffer for 60 min.  The blot was then washed thrice for 5 min with TBST.  
As positive control the consensus peptide salt blocked with anti-dehydrin serum was 
used.  As a negative control a Lipid Transfer Protein (LTP; Nieuwland, 2003/ 5µmol) 
having none of the dehydrin K segment sequence, was spotted on the blot.  Proteins 
were detected using a West Pico Chemiluminescent (PIERCE) kit with pre-mixed 
solutions in which the blot was rotated for 1 to 15 min before being exposed for 1 – 
15 min on film.  The film was developed using a CEAPRO processor. 
 
Immuno-histochemistry 
Plant material and tissue preparation for immuno-histochemistry: 
Freshly picked ovules from the different R. mucronata stages were dissected from the 
ovary and rapidly fixed with 2% glutaraldehyde (2% glutaraldehyde in 1% 
paraformaldehyde; 2% sucrose; 0.05% CaCl2*2H2O; 0.1% Tween 20; 0.1M PIPES 
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pH 7.0) for 3hrs.  Following, the specimen were rinsed with 0.1M PIPES buffer pH 
7.0 several times, including an overnight wash at 4oC.  The tissue was dehydrated in a 
graded ethanol series in distilled water from 10% ethanol to 100% with increments of 
20% and wash times of 15min per step.  The 100% wash was repeated twice for 
30min.  The ethanol was then replaced by xylene using a serial dilution of 3:1 ethanol: 
xylene, 1:1, 1:3 and finally pure xylene. Each step lasted at least one hour.  A few 
paraffin pellets were added to the tissue in pure xylene, and the samples left overnight 
at room temperature to for the paraffin to dissolve.  Gradually the xylene was replaced 
by molten paraffin at 60oC over at least 4 washes lasting 6hours each.  Finally, the 
samples in molten paraffin were poured into Petri dishes to solidify and then be 
sectioned.  7µm sections were made using a hand microtome and mounted onto slides 
coated with 1% aqueous gelatine.  The mounted sections were de- waxed in 100% 
xylene and re-hydrated by a reverse graded ethanol series 100 to water one min per 
wash.   
 
Immunostaining for Light microscopy 
The anti-dehydrin antiserum and peptide-salt containing the dehydrin K-segment 
consensus peptide were kind gifts from Dr Timothy Close (Riverside, California). 
 
The sections were deparafinized and hydrated with successive xylene/ethanol and 
ethanol/water steps and subsequently processed immunohistochemically according to 
the Peroxidase - anti-peroxidase (PAP) procedure (Sternberger, 1979).  Incubation 
for 20 min in 0.3% hydrogen peroxide in methanol inactivated endogenous peroxidase 
activity.  For background blocking sections were incubated in 5% acetylated BSA 
(Aurion BSA-ctm 10%) in Tris-saline buffer (TBS) pH 7.4 for 30 min followed by 
rinsing  in buffer with 0.1% acetylated BSA.  Sections were then incubated with anti-
dehydrin antiserum 1:500 diluted in TBS 0.05M, pH 7.4 with 0.1% acetylated BSA 
overnight at 4oC.  Control sections were incubated with the K-segment peptide 
blocked with the anti-dehydrin serum (1:1, diluted 1:500 with TBS 0.05M, pH 7.4) to 
exclude unspecific binding from the anti-dehydrin serum.  Following incubation 
sections were rinsed 3 times in TBS buffer with 0.1% acetylated BSA.  After rinsing 
the sections were incubated in the second antibody, a horseradish peroxidase coupled 
rabbit anti-mouse IgG (RAM-HRP, Pierce, Rockford, Illinois) diluted for 1h. The 
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staining was carried out for 10 minutes with 0.5mg/ml 3, 3’diaminobenzidine (DAB; 
Sigma, St. Louis, MO) and 0.02% hydrogen peroxide in Tris-saline buffer as a 
substrate. Observations were made with a Leitz Orthoplan microscope (Leica 
Microsystems GmbH, Wetzlar, Germany) fitted with a Color Coolsnap digital camera 
(Roper Scientific, Tucson, AZ) and the Meta Vue (Universal Imaging Corporation, 
West Chester, PA) software. 
 
5.2 Results 
In the Western analysis of the ovule stages (See Fig 1) only the proteins isolated 
without the heat treatment showed constitutive expression of protein that cross reacted 
with the anti-dehydrin serum.  Both anti-dehydrin sera provided by Prof Bartels (Bonn 
University, Germany) and Prof T. Close (Riverside, California) gave similar results 
(Data not shown).  Protein bands between approximately 65kDa and 55kDa were 
detected in all developmental stages.  An additional band at approximately 50kDa was 
observed in stages 6 to 8; this was not seen in earlier stages (1 – 5).  At stage 9 when 
the embryo has emerged from the micropyle (germinated), there was only a faint 
indication of the 55kDa band though the 65kDa band was clearly evident.  Absolute 
protein sizes were not easily determined as there was some smearing, which suggests 
that the ovules may contain both intact and degraded proteins.  This is particularly 
obvious in the early stages (1 – 5), in later stages (6 – 9) distinct bands were 
commonly seen.  Close, et al., (1993) suggest that for western analysis the number of 
bands observed should be considered as an estimate of the number and mass range of 
dehydrins.  Furthermore, Close, et al., (1993) stress that the anti - dehydrin sera detect 
both dehydrins and related proteins and that true dehydrins should be confirmed using 
cDNA analysis.  In keeping with this, the proteins detected by the anti dehydrin sera 
in this study are referred to as dehydrin - like since cDNA analyses were not carried 
out. 
 
The samples used for western analysis constituted whole ovule extracts, thus the 
detected dehydrin – like proteins may be from testa tissue rather than the embryos of 
R. mucronata.  Therefore, immuno - histochemical analyses were carried out to 
confirm the presence of dehydrins in R. mucronata embryos in order to draw a 
correlation with desiccation protection. 
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Figure 1: Western analysis of R. mucronata ovules from the 9 stages of development. 
 
Contrary to the western analyses, dehydrin - like proteins in the immuno – 
histochemical analyses were not constitutively detected throughout development.   
Sections from the early stages (1 – 5, images not shown) did not show a difference in 
staining from the control suggesting that the sections contained undetectable amounts 
of the dehydrin - like proteins.  From stage 6 which is approximately mid embryo 
development, a positive peroxidase reaction was evident (See Figs 2a & b).  At this 
stage the embryo undergoes histo-differentiation and the main meristems are initiated.  
Thus, there is considerable morphogenetical and physiological activity in the embryo 
at this stage and possibly subsequent stages.  By stage 8 (See Fig 2c & d) the intensity 
of peroxidase stain was relatively reduced, though differences from the control 
sections were still obvious.  There was no differential staining observed in the various 
tissues i.e., cotyledon as opposed to the shoot and root meristems (SAM and RAM 
respectively).  Generally, in R. mucronata following the initiation of the principle 
meristems, there is a period of growth and differentiation where the meristems, 
cotyledons and hypocotyl develop.  This occurs between stages 6 and 8.  R. 
mucronata has no specific maturation stage that would be identified by reserve 
accumulation as the embryo is constantly metabolising.  However, by stage 9 the 
embryo is regarded as mature and the most obvious growth mode at this stage is via 
the hypocotyl that emerges from the micropyle (germination).  There was little 
difference with the control section observed in peroxidase stain at stage 9. 
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Figure 2: LM images from immunolocalisation of R. mucronata embryos.  The left panels show 
embryo sections incubated with anti-dehydrin.  The right panels show same stage sections incubated 
with control buffer.  a & b)  Stage 6 embryo, scale bar 100µm; c & d) Stage 8 embryo, Scale bar 
200µm; e & f) Stage 9 embryo, scale bar 200µm.  Arrow = micropyle position.  Emb = embryo, End 
= endosperm, Cot = cotyledon, SAM = shoot apical meristem, RAM = root apical meristem.  Dark 
spots are tannin in cells. 
 
5.3 Discussion 
The detection of dehydrin – like proteins in developing embryos of R. mucronata 
contradicts the findings of Farrant et al., (1996) where no dehydrins were detected in 
mangrove propagules.  Two explanations are possible for this variation in 
observations, one is the developmental stages assessed in the experiment and the 
second is the protein isolation procedure used.  In the study by Farrant et al (1996) no 
specific embryo size was given, but from their description of the embryos they 
examined it is highly likely that they would have been stage 9 embryos if categorised 
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in this study.  Stage 9 embryos show a very low level of dehydrin – like proteins, 
possibly due to the change in development mode from embryogenesis to germination.  
This observation pre-supposes that R. mucronata possesses the inherent ability to 
desiccate and enter dormancy having dehydrins but the action of these proteins is 
inhibited by other factors yet to be identified.   
In addition, the proteins detected by the western analysis are not heat stable.  This 
may explain the variation in results observed in this study and that by Farrant et al., 
(1996) where the authors included a heat treatment in their isolation protocol in order 
to remove heat coagulating proteins.  Dehydrins are generally heat stable Allugulova 
et al., (2003) and thus a brief heat treatment would reduce the amount of background 
that would otherwise interfere with the western analysis.  In this study the two 
separate protein isolations were made to ascertain whether there was cross – reactivity 
with the anti - dehydrin serum in R. mucronata when there proteins were treated with 
heat treatment or not.  Though both isolations (heat and no – heat) yielded sufficient 
of amounts total protein for analysis, only the isolation that was not heated cross-
reacted with the anti – dehydrin serum strongly suggesting that the dehydrin – like 
proteins found in R. mucronata are not heat stable.  True dehydrins are regarded as 
being heat stable as they have approximately 20 – 30% hydrophobic amino acid 
composition and a Class A amphipathic α-helix form with two salt bridges which also 
add to the stability. 
 
Though not common, the presence of multiple bands (See Fig 1.) as found in R. 
mucronata, is not a unique phenomenon for dehydrins, as shown by Close et al., 
(1993) in a number of species.  They took into account that dehydrins are encoded for 
by a large and diverse gene family.  Hordeum vulgare (barley) for example, has 
dehydrins of both 25kDa and 60kDa that both relate to stress and occur at the same 
stage of development.  An intriguing feature in R. mucronata however, is the presence 
of the 65kDa band from fertilisation to emergence of the embryo (See Fig 1. lane, 1).  
In ‘orthodox’ seeds, dehydrin expression is observed only during late development 
and not at fertilisation.  Furthermore, the absence of significant dehydrin – like 
expression as shown by the immuno - histochemical analysis of R. mucronata (See 
Fig. 2e.) suggests that there may be some level of dehydrin – like activity originating 
from maternal (testa) tissue that accounts for the 65kDa band observed on the western 
blot/analysis.  The 50kDa band on the other hand which is seen from stage 6 to stage 
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8 corresponds to dehydrin expression profiles observed in ‘orthodox’ seeds suggesting 
that this band could represent a development specific protein in the embryo.  
Additionally, the positive peroxidase staining observed in the immuno - localisation 
experiment for these stages (6 – 8) strongly suggests that the detected dehydrin – like 
protein during these late stages of development is the 50kDa band in the western 
analysis.  The faint detection of the 50kDa band in the western analysis at the point of 
emergence of the embryo from the micropyle at stages 6 - 8 (See Fig 1. lane, 3) 
likewise is confirmed by the immuno- localisation where little difference in 
peroxidase staining is observed between the probe and control sections. 
 
The presumed function of dehydrin – like proteins in R. mucronata embryos is a 
query raised by the results presented in this study.  Only few examples of desiccation 
sensitive species with dehydrin expression are extant.  Prunus persica (peach) and 
Vaccinium sp. (blueberry) have cultivars that show varying forms of dormancy but all 
possess dehydrins (Arora et al., 1997).  Both endo-dormant blueberry and peach 
cultivars express a 60kDa dehydrin, whilst another peach cultivar which is evergreen 
(non-dormant) has an additional dehydrin of 60kDa.  The non-dormant evergreen 
peach expresses dehydrins in fruit as a response to cold exposure rather than to 
desiccation.  This suggests that there may be alternate cues for the induction of 
dehydrin expression in addition to desiccation.  Likewise, the viviparous maize 
mutants, vp2 and vp5 show dehydrin expression despite being sensitive to desiccation 
(Pla et al., 1989).  Furthermore, it has been shown that tolerance to desiccation is only 
relative and induction by various cues does not necessarily result in absolute 
tolerance.  Wang et al., (2002) in an attempt to identify mechanisms that induce 
desiccation tolerance were unable to establish how induced dehydrins contributed to 
lowering water loss in drying orchid protocorms (orchid meristems used for 
propagation of young plants).  They did establish however, that both dehydration and 
ABA induced dehydrins but that ABA conferred no tolerance to desiccation thus 
suggesting that there may be cumulative or species specific factors involved in the 
acquisition of desiccation tolerance.  Further evidence is found in the findings of 
Finch-Savage et al., (1994) who observed that with increased ABA, there was 
increased tolerance to desiccation in temperate trees that were otherwise sensitive.  
However, the tolerance they observed was not absolute, suggesting that for full 
tolerance other mechanisms have to be involved.  The implication for R. mucronata 
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could be likened to these studies in that there is no tolerance to desiccation found this 
species either.  However, the questions to the inducing factors for dehydrins in R. 
mucronata embryos, in particularly the 50kDa band and to the putative function of 
this protein remain to be further investigated.  
 
In the absence of studies that establish the mode of action of dehydrins in desiccation 
protection, it is difficult to deduce whether and how lack or presence of dehydrins 
relates to sensitivity or, in addition, that dehydrin - like proteins may play a protective 
role in stress conditions.  This discrepancy in information allows two lines of thought, 
one purporting that the presence of dehydrins alone is insufficient to prevent 
desiccation injury, particularly in desiccation sensitive species which express 
dehydrins or dehydrin like proteins.  An alternative but associated line of thought 
suggests that dehydrin activity is regulated by development and/ or by physio-
chemical conditions whereby the proteins may be expressed but dysfunctional with 
regards desiccation as a result of interference from other yet to be identified factors or 
may be operating in other stress conditions that are more crucial to the survival of the 
particular species. 
 
The physio-chemical environment of R. mucronata embryos during development may 
hold important information that would explain the presence of dehydrin – like 
proteins.  This suggestion is based on earlier results from ABA analyses (See 
Chapter 4) that concluded cumulative factor involvement results in intolerance to 
desiccation in the species.  The similar expression pattern of the detected dehydrin – 
like protein particularly the 50kDa fragment to other dehydrins suggests that it may 
function similarly in stress related conditions. 
 
5.4 Conclusion 
The detection of a dehydrin – like protein (~50kDa) in R. mucronata strongly 
suggests the presence of a potential protective mechanism in the event of desiccation 
during embryo maturation.  In spite of this, desiccation is not observed in this species.  
This implies that a correlation between development and induction of dehydrins does 
not necessarily suggest a causal relationship between the accumulation of dehydrin or 
related proteins and desiccation tolerance.  To determine the putative function of the 
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detected dehydrin - like protein confirmation of the homology to known dehydrins by 
cDNA analyses is necessary.  By this the development of experiments that would shed 
light on the observed variation in heat sensitivity and possible alternative putative 
function of dehydrins and related proteins could be designed. 
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6 Introduction 
The final product of embryogenesis i.e. a recognisable morphological structure is a 
result of developmental processes that include cellular differentiation and biochemical 
changes that allow for maturation, desiccation and dormancy (Raghavan, 1997).  
Despite the fact that processes influencing embryogenesis are diverse between and 
within species, they are controlled by common by genetic and molecular action.  
Evidence for the involvement of gene action in embryogenesis is provided by 
mutations that arrest or alter embryo development at particular stages.  Some 
angiosperm seed do not exhibit this general pattern of embryogenesis and are 
viviparous, a secondary trait observed in Angiosperm seeds.  Here the embryo does 
not enter a phase of quiescence or dormancy but continues development from embryo 
into a seedling.  Vivipary is thought to occur as result of spontaneous mutations that 
cause an impaired response to physiological processes that otherwise lead to 
dormancy at seed maturation. 
 
Investigations in A. thaliana and Zea mays have set the foundation for research on 
molecular and genetic regulation of seed specific loci (most of which are 
Transcription Factors) that are important in the maintenance of dormancy in 
‘orthodox’ seeds (Holdsworth, et al., 1999).  The maintenance of dormancy as 
opposed to vivipary is a preferred important agronomic trait in most cereals where 
pre-harvest sprouting can result in significant loss of crop.  Some of the mutations 
known are linked to phyto-hormones like Abscisic acid (ABA) where vivipary is 
observed as a result of low concentrations or lack of response to ABA.  ABA response 
mutants also known as Abscisic acid insensitive (abi) were first isolated and 
characterized in Arabidopsis thaliana by selection on 10mm ABA (Koornneef, et al., 
1984)  Five Amutations (BI1 – ABI5) at 3 different loci, gave plants that showed no 
or reduced dormancy.  The abi 3 mutant in particular, shows an interesting phenotype 
where the seeds fail to degrade chlorophyll, show no desiccation tolerance, have low 
levels of LEA mRNAs and germinate earlier than the corresponding wild-type 
(Merlot and Giraudat, 1997; Nambara, et al., 1995).  Furthermore, the leaf primordia 
and xylem differentiation in these plants is similar to that of a seedling rather than 
what would be expected for a dormant embryo.  Based on these observations (Merlot 
and Giraudat, 1997; Nambara, et al., 1995) Nambara, et al. (1995) concluded that the 
ABI3 gene product is putatively a major regulator of the transition between embryo 
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maturation and early seedling development rather than just a transducer of the ABA 
signal.  Other defects in the maturation process of the abi 3 mutant include the 
absence of significant storage protein or lipid accumulation and accumulation of more 
sucrose than wild-type plants during reserve accumulation (Finkelstein, et al., 2002). 
 
The ABI3 gene is seed specific and expressed during mid to late embryogenesis and 
its phenotypic effects can be reversed by exogenous ABA, implying that the gene 
regulates processes in seed development that do not require high endogenous ABA 
(Finkelstein, et al., 2002).  In mutated plants maternally derived ABA can not rescue 
the phenotype or prevent germination (Bewely, 1997). 
 
At the amino acid level ABI3 has four conserved domains (Rock, 2000); A1 which is 
an acidic amino – terminal stretch of at least 112 amino acid residues and three basic 
domains B1, B2 and B3.  The B3 stretch is the most highly conserved and functions 
as a cryptic DNA protein binding domain that is unique to plants and binds 
specifically to promoter sequences required for trans-activation in seeds but not to 
ABA responsive elements (Crowe, et al., 2000).  The B1 and B2 regions though less 
conserved than the B3 domain have been found to show some interaction with both 
the B3 region and with other proteins such as ABI5 (Kurup, et al., 2000).  ABI3 
shows 90% homology to the VP1 gene in monocots like maize and rice, particularly 
in the B3 region; hence it is most references refer to the gene as ABI3/ VP1.  The A1 
amino acid terminal of ABI3/ VP1 functions as a transcriptional activator and does so 
in synergy with ABA. 
 
The A. thaliana abi3 mutant phenotype is strikingly similar to Rhizophora mucronata, 
a naturally viviparous species.  R. mucronata shows no desiccation tolerance, is 
viviparous and the leaf primordia and xylem differentiation conforms to what is 
observed in seedlings rather than what would be norm for a dormant embryo.  So far 
molecular and genetic investigations to elucidate mechanisms influencing vivipary in 
R. mucronata are lacking.  Most of the available information for R. mucronata and 
related species concerns morphological changes that occur during embryogenesis to 
the point of emergence from the micropyle (‘germination’). 
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Desiccation in ‘orthodox’ seeds is an important feature of the maturing embryo where 
up to 90% of its’ cellular water is lost and the embryo enters dormancy.  The 
mechanisms regulating desiccation and dormancy are poorly understood although it is 
clear that they are genetically programmed (Raghavan, 1997).  A family of late 
embryogenesis abundant (LEA) mRNAs in particular are known to accumulate during 
maturation and disappear following germination.  One group of LEAs known as 
dehydrins is particularly associated with desiccation.  Generally, in desiccation 
sensitive species dehydrin mRNA expression is low or lacking (Ingram and Bartels, 
1996) and in the few cases where they have been detected it has been in association 
with drought like factors such as cold acclimation, salinity and levels of ABA.  R. 
mucronata is a tropical desiccation sensitive species that shows dehydrin – like 
protein expression (See Chapter 5).  The use of cDNA analysis would enable 
possible confirmation of homology to known dehydrin sequences thus allowing the 
assignment of a putative function to the proteins detected by the anti –dehydrin 
antibody. 
 
Dehydrins have the propensity to adopt a -helical structure in the presence of sodium 
dodecyl sulfate, suggesting that they may have a role in stabilizing large-scale 
hydrophobic interactions such as membrane structures or hydrophobic patches of 
proteins (Koag, et al., 2003).  Furthermore, they possess highly conserved polar 
segments which have been suggested to form hydrogen bonds with polar segments of 
macromolecules.  They act essentially as a surfactant, to prevent coagulation under 
conditions of cellular dehydration or low temperatures.  Dehydrins are highly 
conserved in planta, and have been isolated from a number of non-related species.  
Dehydrins feature three conserved stretches K, S and Y that may occur once or 
several times, but only the K stretch is always present (Allugulova, et al. 2003; Close, 
1996).  Though highly conserved at amino acid level at nucleotide level only the K 
stretch shows a conserved stretch of approximately 15 nucleotides.  Thus for PCR 
isolation of the gene family, the amino acid sequence of this lysine rich K-segment 
which is highly conserved and obligate of all dehydrins used (Huiwu, et al., 2000).  In 
many dehydrins the K segment occurs more than once in the protein sequence. 
 
In this chapter we describe the attempts to isolate DHN2 and ABI3 a desiccation and 
maturation gene respectively in order to determine the role of these gene products in 
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regulating vivipary.  The two genes are both expressed during late stages of 
maturation in species where they have been detected and it is hypothesised from the 
morphological analyses that in R. mucronata it is during these stages that the embryo 
deviates from the ‘orthodox’ seed.  In Chapter 4 of this thesis, free ABA levels 
observed in developing R. mucronata embryos suggest that the absence of dormancy 
is due to lack of response to ABA or other yet un-identified signals.  Therefore, by 
isolating and determining the expression pattern of the putative ABA signal 
transducer, ABI3, we attempt to answer the question whether the vivipary trait 
observed in this species is a result of insensitivity to the hormone.  Based on the 
phenotype similarity between the abi3 mutant and R. mucronata it is hypothesised that 
a possible mutation in ABA response in R. mucronata results in vivipary.  
Furthermore, the presence of dehydrin – like proteins but lack of desiccation suggests 
an anomaly in development of R. mucronata.  DHN2 is selected as a representative 
gene from the family of dehydrins to be isolated as confirmation of the presence of 
dehydrin – like proteins in R. mucronata. 
 
6.1 Materials and Methods 
Fresh young leaf material for the isolation of RNA and DNA was kindly provided by 
Joep Wensing (Burgers Zoo, Arnhem, The Netherlands).  The leaves were frozen 
immediately in liquid nitrogen and transported to the lab where they were stored at -
80oC until isolation.  Leaves from Tanzania did not yield good isolation products 
probably due to poor transport and storage prior to isolation.  Furthermore, for cleaner 
isolation products leaves from plants grown under controlled conditions like those in 
Burger Zoo are preferred. 
 
Genomic DNA isolation from R. mucronata leaves 
A modified protocol from Bekesiova, et al. (1999) was employed for the isolation of 
genomic DNA.  Briefly, approximately 2g of tissue was placed in a 50ml Falcon tube 
with a marble, frozen under liquid nitrogen and vortexed until all the tissue was 
pulverised.  To the ground tissue, 20ml of extraction buffer (0.35M Sorbitol; 0.1M 
Tris base; 0.005M EDTA; adjusted to pH 7.5 with HCl; 0.02M Sodium bisulphite was 
added to the buffer shortly before use) and 20ml hexane were added and the 
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homogenate was vortexed for 30 seconds.  R. mucronata has a thick cuticle that is rich 
in lipids and polysaccharides and the inclusion of hexane in the extraction dissolves 
these compounds that would otherwise interfere with the isolation.  Following 
homogenization the extract was briefly placed on ice and then centrifuged at 
3,500rpm and 4oC for 20 minutes.  An amount of 1.25ml the extraction buffer (with 
Sodium bisulphite) and 5ml hexane was added to the resulting pellet and vortexed at 
full speed for 5 seconds.  Following, nuclei lysis buffer (0.2M Tris base; 0.05M 
EDTA; 2M NaCl; 2% CTAB) and 5% Sarkosyl were added and mixed with the pellet 
in extraction buffer by inverting the tube.  The extract was incubated for 20 minutes at 
65oC and then extracted several times with Chloroform: isoamyl alcohol (24:1).  The 
aqueous phase was precipitated with cold isopropanol and the DNA floccule that 
formed was washed with 70% ethanol and dried before re-suspension in 300µl TE 
buffer.  As an additional clean up, Rnase (5µl) and 0.3M NaCl (19µl of 5M NaCl) 
were added to the DNA suspension that was fully dissolved in TE buffer.  This was 
then extracted with phenol: chloroform: isoamyl alcohol (25:24:1) and precipitated 
with 2.2 volumes of 96% cold ethanol at -80oC for 30 minutes.  The precipitate was 
spun for 10 minutes at 14,000rpm at room temperature.  The resulting pellet was 
washed in 70% and re-suspended in TE buffer. 
 
Total RNA isolation from R. mucronata leaves 
R. mucronata leaves were ground in phenol/ extraction buffer (Goldberg, 1988) and 
extracted with phenol/chloroform.  The nucleic acids were precipitated with Sodium 
acetate and ethanol, re-suspended and next the RNA was precipitated with Lithium 
chloride.  Finally the RNA was dissolved in DEPC treated water and the 
concentration estimated spectro-photometrically. 
 
Total RNA isolation from R. mucronata ovules 
Attempts to isolate RNA from ovules of R. mucronata using a guanidium thiocyanate 
extraction buffer adopted from Ausubel, et al. (2001) yielded very low quality RNA. 
 
Prior to cDNA synthesis, integrity of the isolated RNA was tested by formaldehyde 
gel-electrophoresis. 
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cDNA synthesis 
Various protocols for cDNA synthesis were considered to maximise the PCR 
possibilities for amplification of the desired genes using total RNA from leaf tissue.  
Using a SMARTtm RACE cDNA amplification kit (Clonetech laboratories, Inc.) 
cDNA synthesis for RACE PCR in both 5’ and 3’ directions was enabled by the use 
of a SMART II A oligo and CDS primers that inserted caps at the appropriate end of 
the mRNA.  Two additional oligos were used to synthesise cDNA for 3’ transcription, 
a biotinylated oligo dT(25) labelled bound to Streptavidin dyna beads (Roche) and a 
degenerate oligo adopted from Huiwu, et al. (2000)  All synthesised cDNA was stored 
in TE buffer at -20oC in 50µl aliquots. 
 
Primer Design 
Degenerate gene specific primers were designed to amplify both ABI3 and DHN2.  
These were directed to both the B3 (LLQKVLKQSD VGNLGRIVLP 
KKEAETHLPE LEARDGISLA MEDIGTSRVW NMRYRFWPNN KSRMYLLENT 
GDFVKTNGLQ EGDFIVIYSD VKCGK--YLIRGVKVRQP) and K-segment 
(KIKEKLPG) regions respectively, based on homology alignments of known genes in 
the ENTREZ database.  The expected size range for both ABI3 and DHN2 is between 
2.0Kb and 2.5Kb.  Both conserved fragments are found very close to the N-terminus 
on the 3’ end. 
• ABI3.1: GGCCAAWACCTGTANCGCATRTTCC 
• ABI3.2: ACATCACTYTGCTTCAACACYTTYTG 
• ABI3.3: ACGTCGCTYTGCTTSAGNACYTTCTG 
• ABI3.4: CCTTRTTACGCNATGTCCAWAACCGG 
• DHN1:  CCYGGAAGCTTCTCCTTYATCTTCTC 
• DHN2:  CCAGGAAGCTTCTTCTTAATCTTTTC 
• DHN3:  CATTTTATAATACCTCGGGAGCTAATAAG (nested) 
• DHN(rev): GAGAAGATYAAGGAGAAGCTTCCYGG 
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PCR amplification of ABI3 and DHN2 
PCR on genomic DNA: Genomic DNA was digested with NCo 1 and PSt 1 and then 
ligated with the appropriate adaptors on both ends.  Digestion and ligation products 
included combinations of both enzymes to get fragments that had only Nco1 caps, 
only PSt1 caps and both Nco1 and PSt1 caps.  To these fragments using gene specific 
primers (ABI1 – 3 & DHN1), a Linear PCR of 35 cycles at 68oC was carried out.  In 
another attempt the DNA was digested and ligated with EcoR1 and Mbo1 caps and 
another linear PCR run at similar conditions as the previous experiment. 
 
PCR products were ligated overnight into a vector (PGEM T-Easy) at 4oC.  The 
ligation product was transformed into E. coli (DH5 alpha), plated onto LB media and 
mini preps were performed on the bacterial growth that was resistant to the antibiotic. 
 
PCR on cDNA 
Appropriate synthesised cDNA was digested with EcoR1 and Sac1, and then ligated 
with the respective enzyme caps to run PCRs.  In addition to the standard linear PCR 
a touch down step was included for some attempts.  For fragments that suggested 
some homology to known genes, a nested PCR was run using the appropriate gene 
specific primer on the positive clones derived from the linear PCR. 
 
All Sequenced clones were inserted into BLAST of the Entrez database on the NCBI 
site (www.ncbi.nlm.nih.gov/) for homology confirmation with known sequences. 
 
6.2 Results and Discussion 
The attempts to isolate the genes using genomic DNA gave no PCR products possibly 
due to the complexity of the DNA from R. mucronata and low expression of the genes 
to be detected.  Thus the cDNA approach was deemed more versatile in searching for 
the genes as it enables isolation of unknown genes that may have very low expression 
level. 
 
However a 5’ RACE on cDNA synthesised using the SMARTtm kit (Clonetech 
laboratories) run following the suppliers protocol yielded no PCR product.  Modifying 
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the recommended protocol by lowering the gene specific temperature from 68oC to 
56oC likewise gave no products but only a smear for the ABI3.1 primer at 1.8Kb 
which was lower than the expected band of 2.2Kb.  To increase the probability of 
primer binding, a touch down step from 68oC to 56oC was run and the gene specific 
primer concentration was upped sequentially from 5 to 50pmol in a series of PCR 
runs.  However, no promising PCR products were attained despite the modifications 
and repeated attempts. 
 
Following the unsuccessful results from the 5’ RACE a new approach using a 
modified AFLP for Transcript profiling was attempted with cDNA synthesised with 
the biotinylated oligo dT(25).  Digested fragments ligated with EcoR1, Sac1 and BstY1 
were run in a linear PCR for 30 cycles 52oC then exponentially for 24 cycles also at 
52oC for priming the rest of the PCR settings were standard.  These PCRs like the 5’ 
RACE did not result in any positive clones that warranted sequencing. 
 
The poor results of the cDNA synthesized by the commercial oligos (SMART and the 
biotinylated oligo dT(25)) were considered to be the outcome of inadequate binding to 
the mRNA of R. mucronata, thus implying that during the PCRs the priming product 
was not completed or broke off at an unknown point.  A synthetic oligo dT (Huiwu, et 
al., 2000)) was adopted that has been successfully used to isolate a dehydrin from 
Boea crassifolia. This probe has more glycine and cysteine than the commercial 
oligos that were opted for in this study.  Furthermore a less ambitious approach for 
priming was adopted i.e. to first isolate the short fragment from the 3’ side and design 
a (R. mucronata) specific primer for the obtained fragment to isolate the rest of the 
gene in the 5’ direction.  This is based on the assumption that only a small piece of the 
R. mucronata genes are homologous to those of the other known species.  The newly 
designed primers specific for R. mucronata used were the reverse of DHN1 (DHN 
rev) and ABI3.4. These two primers were expected to produce products in the 3’ 
direction lessening the priming task of obtaining larger parts of the genes in the 5’ 
direction.  The PCR settings employed were as recommended by Huiwu et al. (2000) 
(1’, 94oC; 30”, 94oC; 30”, 53oC; 40”, 72oC; 10’, 72oC).  The DHN (rev) primer gave 
two products one of ~800bp and another of ~500bp that included the primer region 
which is the conserved K-segment and the oligo dT.  However, there was no 
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homology to known sequences in the Gen bank database.  The two fragments 
obtained showed about 100% homology to each other for ~400bp. 
 
Taking the edited ~400bp fragment of DHN2 as a possible candidate for amplification 
in the 5’ direction, a new set of gene specific primers (DHN2 and DHN3) was 
designed to amplify the rest of the gene that should have an approximate size of 
2.2Kb.  From these PCRs only the DHN2 primer gave a positive sequence of ~430bp 
that consistently featured the K-segment at the 3’ end.  However, a BLAST search of 
this fragment showed no homology to known dehydrin or related sequences.  
Furthermore, translation of this sequence indicated the presence of a stop codon after 
~200bp suggesting there was very little amplification of the desired product as the 
expected product is much larger.  This observation could be explained in several ways 
that require further investigation for confirmation.  The failure to isolate the DHN2 
gene from R. mucronata may be due to the difference in gene structure of known 
dehydrins and the dehydrin – like protein detected by immuno histochemical analyses 
(See Chapter 5).  An alternative explanation could be low expression of dehydrin 
mRNA in R. mucronata leaf tissue used, as the leaves were not drought stressed prior 
to total RNA isolation as is generally recommended.  This latter suggestion and the 
observation of dehydrin – like proteins in leaf tissue may further imply that expression 
in R. mucronata leaves is regulated by development and not principally associated to 
stress in vegetative tissue a hypothesis also suggested in Chapter 2. 
 
All attempts to isolate ABI3 using the ABI4.4 primer from cDNA synthesised with the 
oligo dT adapted from Huiwu, et al. (2000) yielded sequences that showed no 
homology to known sequences in the Entrez database.  These findings do not rule out 
the presence of the gene in R. mucronata, for as with the DHN2 it may be a reflection 
of low expression in vegetative tissue as ABI3 is suggested to be a seed specific gene 
product.  Experiments using acceptable quality RNA from developing ovules would 
confirm whether this important maturation gene product is absent in a naturally 
viviparous species such as R. mucronata. 
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6.3 Conclusion 
Despite exhaustive attempts to isolate the ABI3 and DHN2 genes from both genomic 
DNA and cDNA all efforts were futile though a number of priming products were 
obtained.  Subsequent cloning and sequencing of the primer products showed no 
homology to known sequences in the ENTREZ database with the exception of the 
primer sequences.   
 
The small size of DHN2 sequence cloned (~200bp) suggests that the fragment is far 
from being full length, thus making it difficult to determine whether it is a part of a 
dehydrin or related protein nor the exact size of gene and protein that would be 
represented in R. mucronata. 
 
The results in this chapter are inconclusive as to the putative roles of ABI3 and DHN2 
in a naturally viviparous embryo as the genes were not isolated.  It is recommended 
that cDNA isolated from developing ovules and or embryos of R. mucronata be used 
for isolation and northern analysis to answer this question. 
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7 Introduction 
This thesis presents the results of an investigation into the phenomenon of vivipary or 
the absence of dormancy in mangrove seeds.  The investigation started with an 
inventory of development and architecture of the seed followed by a study on some 
physiological factors putatively involved in bringing about dormancy.  The results 
showed that the hypotheses put forward at the outset of the study do not hold, but they 
allowed to formulate new hypotheses and to phrase further questions.  
 
Thus with each chapter findings are presented that lead to questions of which some 
are investigated in the subsequent chapter.  Questions raised from the results that 
require an investigative approach beyond the scope of this study are put forward in 
this chapter.  In this final chapter, general conclusions to the findings in the entire 
study are presented in an attempt to summarize the milestones achieved, and provide a 
basis for future research. 
 
7.1 Morphological divergence from ‘orthodox’ seed dormancy 
The central question in this thesis is a physiological one i.e., to determine the role of 
abscisic acid (ABA) if any in causing vivipary in Rhizophora. mucronata.  The 
identification of the point or stage where R. mucronata embryos show morphological 
divergence in development from ‘orthodox’ seed development provides the basis for 
the ensuing physiological investigations.  On the whole, light microscopic 
examination of stages from fertilisation to emergence from the micropyle (definition 
for germination in R. mucronata) revealed very little anomaly in general development 
i.e., differentiation and growth when compared to other ‘orthodox’ seeds (See 
Chapter 3).  However at ‘germination intriguing features that are a rare occurrence in 
‘orthodox’ seeds were observed in R. mucronata these are suggested to function as 
support structures for the viviparous embryo.  The features include a persistent 
suspensor and endosperm transfer cells.  The suspensor in ‘orthodox’ seeds is a 
terminally differentiating structure that undergoes programmed cell death at the 
torpedo stage of development.  In R. mucronata the suspensor is visible in sections 
past the point when the embryo has emerged from the micropyle.  Furthermore, the 
suspensor of R. mucronata possesses storage proteins and lipid bodies.  Persistent 
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suspensors have been found in mutants of ‘orthodox’ seeds, like sus in Arabidopsis, 
here it was suggested to represent a failed inhibitory growth signal (Schwartz, et al., 
1994) though this has yet to be established.  Likewise, the presence of storage protein 
and lipids in the sus mutants is considered an anomaly.  In R. mucronata the persistent 
suspensor is suggested to be a supportive adaptation to vivipary as the vacuolated 
endosperm surrounding the embryo in R. mucronata is almost devoid of cytoplasm, 
providing little nutrient to the developing embryo.  Thus the suspensor may serve as 
an additional nutrient channel from maternal tissue for the germinating embryo and 
justifying the need for it’s persistence in R. mucronata. 
 
Of the two types of endosperm observed in R. mucronata the vacuolated form is most 
abundant and appears to be physiologically dead.  Thus it is thought unable to serve 
any physiological function.  However, during emergence of the embryo from the 
micropyle rapid growth of this type of endosperm pushes open the micropyle carrying 
out the fragile embryo which would otherwise be crushed on impact with the fibrous 
ovary tissue.  It is therefore suggested that in providing cushioning to the delicate 
embryo during germination, the vacuolated endosperm plays and important role in 
vivipary. 
 
The other type of endosperm in Rhizophora has characteristics of transfer tissue (Wise 
and Juncosa, 1989).  Transfer tissue is a rare occurrence in dicotyledonous species but 
where present it is thought to play a role for solute transport like in monocotyledons.   
Thus in R. mucronata, the presence of transfer cell tissue potentially presents a 
medium for transport of nutrient from maternal tissue to the developing embryo.  
Where transfer tissue is most common in monocots like maize and barley, an 
additional function of transfer tissue has been suggested, namely defence.  Here 
expression of a basal endosperm transfer layer (BETL) gene is observed during mid 
development and a high homology to defensins has been detected (Thompson, et al., 
2001).  Defensins are proteins that are known to exhibit both anti-bacterial and anti-
fungal properties.  It is not known in Rhizophora whether the transfer tissue bears 
analogy to the defensins seen in monocots. 
 
How the various forms of Rhizophora endosperm evolved is not easily speculated 
upon, as very little is known about developmental decisions leading to proliferation of 
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cell lineages or to the cellular interactions that direct pattern shape and chemical 
composition of the endosperm (Lopes and Larkins, 1993).  Categorisation of what is 
observed in R. mucronata as an intermediate between the reserve filled endosperm of 
monocots and the digested endosperm in dicots seems is ill founded with little amount 
of information currently available. 
 
7.2 Abscisic acid and development 
Investigating the role of the ABA in developing viviparous embryos led to a number 
of findings previously not documented from R. mucronata. 
 
In developing R. mucronata leaves like in other in vivo systems, xanthophyll 
precursors of ABA are not easily correlated to ABA levels.  However, the 
accumulation profile of ABA and a potentially associated desiccation protein 
(dehydrin – like) suggests that the hormone has a developmental function in 
vegetative tissue (See Chapter 2).  ABA is able to exert its’ influence on mature and 
aged leaves by inducing the production of a yet un-identified senescence factor which 
in turn controls ethylene production (Ethylene is the hormone that promotes 
abscission).  It is suggested this un-identified senescence factor accounts for the low 
ABA levels detected in senescing leaves of R. mucronata (See Chapter 2). 
 
From current literature it is generally accepted that in ‘orthodox’ seeds ABA plays a 
key role in regulating a number of seed developmental processes including 
maturation, tolerance to desiccation and prevention of precocious germination 
(Gazzarini and McCourt, 2003).  In Chapter four ABA developing R. mucronata 
embryos are found to exhibit an accumulation profile comparable to ‘orthodox’ seeds 
confirming the hypothesis that the mechanism for ABA synthesis is present.  
However, (Farnsworth and Farrant, 1998) suggest that the observed ABA levels are 
too low to instil dormancy in these embryos.  In the absence of a set up which allows 
for manipulation of ABA concentrations, this suggestion can not be ruled out by the 
presence of a functional synthesis mechanism.  Thus speculation on what other factors 
may influence the ABA accumulation levels in R. mucronata presents possibilities for 
investigation in various directions.  In vegetative tissue, in addition to maturation and 
dehydration, factors like temperature, salt, flooding also account for a rise in ABA 
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levels because they instil drought like effects.  In the mangrove habitat fluctuating 
salinity and flooding pose as potential threats to developing embryos warranting the 
need for a protective mechanism.  The observation that mangrove propagules have a 
lower concentration of salt than the surrounding maternal plant suggests that there 
may be some adaptation that offers protection to the young embryo and the 
subsequent propagule (Lotschert and Liemann, 1967).  Increased ABA levels may 
present one form of protection where the hormone induces the synthesis of 
desiccation like proteins (See Chapter 5) in response to increased salinity in the 
surrounding maternal tissues. The lack of desiccation tolerance and yet presence of 
dehydrin - like proteins in R. mucronata in may be explained by the necessity of only 
specific dehydrins for desiccation tolerance, leaving different, still un-identified 
functions for the dehydrin – like proteins detected in this study. 
 
In ‘orthodox’ seeds, the role of ABA in dormancy is deduced from the accumulation 
profile and experimental manipulation.  Findings from ‘orthodox’ seeds may not 
necessarily represent the role of the hormone in a naturally viviparous system like that 
of R. mucronata where the number of environmental factors that are potentially stress 
inducing are high, thus causing the consumption of ABA to be directed to these 
stresses rather than on the induction and maintenance of dormancy.  Farnsworth and 
Farrant (1998) speculate on functional compartmentalisation of ABA that might 
shield mangrove embryos from osmotic stress and permit embryo growth in otherwise 
inhibitory conditions.  They go further to suggest that precise mechanisms of how this 
occurs may vary within or between families but result in common consequences such 
as depressed ABA and concomitant vivipary explaining the presence of vivipary in 
non-related taxa, though little evidence is provided to support this theory.  
Furthermore, there may be some inhibition of particular seed developmental processes 
by other factors not associated to ABA (Bonetta and McCourt, 1998; Buitink, et al., 
2003) or lack of perception of ABA (See Chapter 6) leading to vivipary in R. 
mucronata that cannot be easily identified by assessing the accumulation profile. 
 
How a single hormone like ABA affects so many processes (vegetative and 
reproductive) at the same time is not quite clear to date.  It has been shown in some 
systems that ABA is involved in cross-talk with other hormones such as ethylene and 
gibberellic acid (GA) where one hormone affects the endogenous level of another 
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signal to influence dormancy (Nambara and Marion-Poll, 2003).  In this thesis the 
principal focus was to elucidate the role of ABA and its possible interaction with 
other hormones was not considered.  The antagonism between remnant ABA levels in 
dry ‘orthodox’ seeds and GA perception on imbibition particularly contributes 
significantly to the developmental decision between dormancy and germination in 
these seeds (Holdsworth, et al., 1999).  Here, GA1 and GA3 accumulate prior to the 
ABA peak in late maturation suggesting that they are responsible for vivipary in the 
absence of normal amounts of ABA.  A reduction of GA content re-establishes an 
ABA/ GA ratio appropriate for maturation and suppression of germination (White et 
al, 2000).  
 
In addition to hormones, other factors such as sugars and proteins are likewise 
associated with ABA levels during seed desiccation and are thought to serve as cell 
protectants.  Sugars like raffinose and stachyose interact with membrane lipids at low 
water concentration to form hydrogen bonds between hydroxyl groups and phosphate 
groups in the phospholipid head, where sugar replaces water and maintains the 
hydrophobic – hydrophilic orientation in the absence of water (Hoekstra, et al., 2001).  
Sugars can also protect membrane proteins are also by sugars during desiccation by 
promoting vitrification.  
 
7.3 Molecular perspective of ABA in vivipary 
The results from Chapters four and five raise the question whether the presence of a 
mechanism implies functionality and appropriate perception of the products in 
question.  The presence of an ABA synthesis mechanism and dehydrin – like proteins 
both suggest that R. mucronata possesses the necessary mechanisms to undergo 
dormancy in spite of the viviparous nature of these embryos.  To determine 
functionality of both ABA and the dehydrin – like proteins identification of molecular 
mechanisms that are influenced by in this case by ABA may provide insight to what 
could be plausible explanation for the anomaly in ‘germination’ observed.  At 
molecular level ABA is known to influence the level of specific proteins by regulating 
RNA stability which in turn influences the transition from embryo development to 
germination with strong interaction with environmental conditions.  Chapter six of 
this thesis thus presents the results of attempts to isolate genes that are suggested to 
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regulate dormancy and are associated to ABA.  Unfortunately all efforts met with 
little success.  
 
7.4 Further investigations 
At first glance, the vast amount of documented research on dormancy and vivipary 
gives the impression that investigating what regulates the transition to ‘germination’ 
in a naturally viviparous species like R. mucronata is a challenging but feasible task.  
Factors involved in the regulation of dormancy a trait that has contributed 
significantly to the evolutionary success of angiosperms were outlined at the outset of 
this study.  The unique differences between the ‘orthodox’ seed systems and the 
naturally viviparous and desiccation sensitive species suggest that to understand the 
underlying mechanisms of dormancy a dual investigative approach should be 
employed.  That is, parallel investigations in both ‘orthodox’ and viviparous seeds 
should be conducted.  The set up of such a study would investigate processes involved 
in developmental arrest such as water withdrawal from the vacuoles, suspensor 
senescence and storage accumulation in the endosperm.  This is because the 
investigations in R. mucronata show these to be points of deviation from ‘orthodox’ 
seeds resulting in a viviparous embryo. 
 
Furthermore investigations involving both ABA dependent and independent pathways 
which show convergence and interaction, revealing genes involved in stress responses 
(Bonetta and McCourt, 1998) would benefit elucidation of mechanisms that influence 
vivipary.  ABA independent pathways that resulted in dormancy have been found in 
‘orthodox’ seeds suggesting that ABA is not an exclusive trigger for controlling 
dormancy (Baumbusch, et al., 2004). 
 
All the results presented in the physiological Chapters four and five are from 
samples collected in vivo.  The lack of a unique method for determining the role of a 
regulatory compound such as ABA in vivo and its’ controlling influence in any of the 
given processes means that the functions proposed can only be accepted based on the 
different kinds of evidence collected.  Current extrapolation of findings based on in 
vitro experiments is the only method that has allowed assessment of what may 
contribute to the role of ABA in plants.  However the inadequacy remains as in vivo 
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these mechanisms are significantly influenced by a number of interacting internal and 
environmental factors.  
 
In conclusion, the incidence of plants that are viviparous or show reduced dormancy 
whilst exhibiting consistent accumulation dormancy factors such as ABA and 
desiccation tolerance proteins suggests that dormancy regulation is in-exclusive.  In 
viviparous mangroves like R. mucronata the absence of or low levels of ABA in 
mangroves is not a single important factor influencing vivipary, neither is vivipary 
correlated to unusual dehydrin expression. 
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SUMMARY 
In this thesis a non-dormant species was used to discern how a specific factor allows 
avoiding the complex and radical process of dormancy in seed formation and 
dispersal.  
 
In the first chapter the species of interest, Rhizophora mucronata Lam., and an outline 
of the investigative path followed is presented.  R. mucronata is a viviparous 
mangrove that does not undergo dormancy, developing from zygote to embryo, 
propagule and finally seedling without a period of quiescence.  Information from 
studies on the unique trait of vivipary observed only in tropical and sub – tropical 
species suggests the hormone abscisic acid (ABA) to be responsible for the absence of 
dormancy. 
 
The protocols used for the analysis of ABA in embryos were adopted from those used 
for vegetative tissues (e.g., in Xanthium strumarium) where ABA activity has been 
studied extensively, especially during leaf development.  For R. mucronata leaves, no 
such studies had been performed so far, the second chapter provides new and 
intriguing results on ABA influence on leaf development in R. mucronata.  In R. 
mucronata, senescing leaves show higher levels of ABA and no dehydrin – like 
proteins suggesting that the hormone may hold an additional role in senescence other 
than protection during desiccation.  The dehydrin - like proteins are thought to 
provide protection against desiccation during development.  The developing leaves 
exhibited increasing levels of a dehydrin – like protein at 64kDa which was attributed 
to development and subsequent desiccation tolerance and/ or increased cellular 
salinity.   
 
With the protocols for experimentation perfected, the staging of R. mucronata 
embryos with the aim of correlating morphological development to changes in ABA 
concentrations was the next step in the study.  The results presented in chapter three 
indicate that from a morphological point of view, there is little variation from dormant 
seeds.  However, some anomalies that may or may not be related to ABA activity 
were observed. These are the presence of a persistent suspensor and a vast amount 
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vacuolated endosperm.  These two unique tissues are thought to provide support to the 
survival of the viviparous embryo rather than the cause of vivipary.  
 
In chapter four the stages categorised in chapter three are analysed for ABA by whole 
ovule extraction and immunolocalisation for tissue specific localization.  This chapter 
is the crux of the thesis in that the analysis for in vivo ABA through development is 
carried out and the derived results set ground for the ensuing chapters.  In comparison 
to dormant seeds the various stages of histo-differentiation and maturation did not 
show increased concentrations of ABA as judged from both whole ovule extraction 
and immunolocalisation.  It is during these stages that the level of ABA is thought to 
be crucial in inducing dormancy in dormant seed.  Though the levels of ABA at these 
stages are lower than at earlier stages of development, the hormone is present 
suggesting that the mechanism for biosynthesis is functional and that possibly other 
factors cause the reduced ABA levels.  These factors may be at the levels of 
production or consumption as ABA precursors and ABA metabolites are utilised in 
various metabolic activities. 
 
The next step in the investigations was to look at the principal characteristic of the 
dormant embryo, i.e. the ability to desiccate enabled by the presence of a unique 
group of proteins that are induced by ABA among other environmental stresses.  The 
presence of these proteins in dormant seeds is suggested to provide protection to 
cellular membranes during water loss, though the exact mechanism is not fully 
understood.  In chapter five the categories of R. mucronata embryos were assessed for 
the presence of these proteins known as dehydrins on the premise that the lack of 
these protective factors would result in the viviparous mode of dispersal.  Dehydrins 
occur widely in numerous plant groups and thus a universal, polyclonal antibody was 
used for their detection and a cross-reaction with R. mucronata embryos was 
observed.  In spite of the cross-reaction with the anti-dehydrin antibody, these results 
do not confirm that the viviparous embryos have the necessary protection for 
desiccation.  This is due to the uncertainty of the true identity of the detected proteins 
that results from the use of polyclonal antibodies.  Thus a more specific approach was 
undertaken to assess the homology of the cross-reacting protein (called dehydrin – 
like) to known dehydrins. 
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The final research described in chapter six thus presents attempts to find homology of 
the detected dehydrin – like protein to known dehydrins using a cDNA approach.  
Included in this chapter is the attempt to identify a factor responsible for embryo 
maturation specifically ABI3 (abscisic acid insensitive) which is known to influence 
dormancy in Arabidopsis thaliana.  Plants mutated for the ABI3 gene product are 
insensitive to ABA and show reduced dormancy or vivipary.  This aspect was 
included in the investigation on the premises that the presence of ABA in R. 
mucronata embryos which lack dormancy may be due to insensitivity of the embryos 
to the hormone rather than or in addition to unknown interfering factors.  Despite 
numerous attempts and modifications to the PCR protocols employed, no fruitful 
outcomes for either the dehydrin-like factor or the ABI3 was achieved. 
 
Finally, chapter seven presents a dissection of the highlights and pitfalls of the entire 
study and gives a way forward to further investigation in R. mucronata.  Likewise, a 
number of questions on vivipary have been generated that warrant further 
investigation.  These are firstly, the evolutionary importance of endosperm 
differentiation and associated organs such as the suspensor in angiosperms, secondly, 
how a single hormone like ABA performs multiple functions in the same tissue and 
what determines which function is more important, thirdly what the function of 
dehydrin – like proteins is in – possibly - conveying tolerance to salinity in R. 
mucronata and finally how is ABA regulated at the molecular level.  A concerted 
study to the questions raised may ultimately result in the understanding of vivipary in 
R. mucronata. 
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SAMENVATTING 
In dit proefschrift wordt een plantensoort zonder kiemrust gebruikt om na te gaan hoe 
een specifieke factor het toelaat dat het complexe en radicale proces van kiemrust in 
zaadvorming en –verspreiding wordt voorkomen. 
 
In het eerste hoofdstuk wordt de onderzochte soort, Rhizophora mucronata Lam. en 
een samenvatting van het uitgevoerde onderzoek gepresenteerd. R. mucronata is een 
vivipare mangrove zonder kiemrust, die zich ontwikkelt van zygote naar embryo, 
propagule en uiteindelijk zaailing zonder rustperiode. Informatie uit studies 
aangaande het unieke kenmerk van viviparie, zoals uitsluitend waargenomen aan 
tropische en subtropische soorten, suggereert dat het hormoon abscisinezuur (ABA) 
verantwoordelijk is voor het ontbreken van kiemrust. 
 
De protocollen die gebruikt zijn voor de analyse van ABA in embryo’s zijn gebaseerd 
op die welke gebruikt worden voor de studie van vegetatieve weefsels (bijvoorbeeld 
in Xanthium strumarium), waarin ABA activiteit diepgaand geanalyseerd is, met 
name gedurende blad ontwikkeling. Voor R. mucronata bladeren zijn dergelijke 
studies tot op heden niet uitgevoerd; het tweede hoofdstuk beschrijft nieuwe en 
intrigerende resultaten aangaande de invloed van ABA op de bladontwikkeling van R. 
mucronata. Verouderende R. mucronata bladeren vertonen hogere ABA niveaus en 
geen dehydrine-achtige eiwitten, hetgeen suggereert dat het hormoon een additionele 
functie zou kunnen hebben in veroudering, anders dan bescherming tegen uitdroging. 
Dehydrine-achtige eiwitten worden geacht bescherming te bieden tegen uitdroging 
gedurende de ontwikkeling. Ontwikkelende bladeren vertoonden een toenemend 
gehalte van een dehydrine-achtig eiwit van 64 Kda en dit werd geacht een functie te 
hebben in de ontwikkeling en daaropvolgende uitdroging of in de tolerantie tegen een 
toegenomen cellulair zoutgehalte.  
 
Na perfectionering van de protocollen, was de classificatie van R. mucronata 
embryo’s de volgende stap, met als doel om de morfologische ontwikkeling te 
correleren met veranderingen in het ABA gehalte. De resultaten, zoals beschreven in 
hoofdstuk drie, wijzen erop dat er, gezien vanuit morfologisch oogpunt, weinig 
variatie is vergeleken met zaden met kiemrust. Echter, sommige afwijkingen, al dan 
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niet gecorreleerd met ABA activiteit, werden waargenomen: de aanwezigheid van een 
blijvende suspensor en een grote hoeveelheid endosperm met vacuoles. Deze twee 
unieke weefsels worden geacht bij te dragen aan de overleving van het vivipare 
embryo, eerder dan dat zij de oorzaak van de viviparie zijn. 
De in hoofdstuk drie gekarakteriseerde stadia, worden in hoofdstuk vier geanalyseerd 
op ABA gehalte middels extractie uit de gehele eicel en immuno-lokalisatie voor 
weefsel-specifieke lokalisatie. Dit hoofdstuk vormt de crux van mijn thesis in de zin 
dat de analyse van in-vivo ABA gedurende de ontwikkeling uitgevoerd is en de 
verkregen resultaten de basis vormen voor de volgende hoofdstukken. In vergelijking 
met zaden in kiemrust vertoonden de verschillende stadia van histologische 
differentiatie en rijping geen verhoging van ABA concentratie, gebaseerd op de 
analyse van gehele eicel extracties en van immuno-lokalisatie. Gedurende deze stadia 
zou het ABA niveau van cruciaal belang zijn voor de inductie van kiemrust in zaden 
die kiemrust vertonen. Alhoewel het ABA niveau gedurende deze stadia lager is dan 
in eerdere stadia, is het hormoon wel aanwezig, hetgeen suggereert dat het 
mechanisme voor synthese functioneel is en dat mogelijk andere factoren het 
gereduceerde ABA niveau veroorzaken. Deze factoren hebben mogelijk invloed op de 
productie dan wel op de consumptie, aangezien ABA precursors en ABA 
metabolieten gebruikt worden in diverse metabole activiteiten. 
 
De volgende stap in het onderzoek was om de voornaamste karakteristieken van het 
zaad in kiemrust te onderzoeken, met name het vermogen tot uitdroging, dat mogelijk 
gemaakt wordt door de aanwezigheid van een unieke groep eiwitten, geinduceerd 
door ABA, naast andere omgevings stress factoren. Gesuggereerd wordt dat de 
aanwezigheid van deze eiwitten in rustend zaad de cellulaire membranen beschermt 
tijdens uitdroging, alhoewel het mechanisme hiervan niet volledig begrepen wordt. In 
hoofdstuk vijf worden de diverse stadia van R. mucronata embryo’s geanalyseerd op 
de aanwezigheid van deze eiwitten, die bekend staan als dehydrines, met als 
uitgangspunt dat afwezigheid van deze beschermende factoren zou kunnen leiden tot 
de vivipare wijze van verspreiding. Dehydrines komen voor in een groot aantal plant 
groepen; daarom werd gebruik gemaakt van een universeel, polyclonaal antilichaam 
voor hun detectie en kruis-reactie met R. mucronata embryo’s werd dan ook 
waargenomen. Ondanks de kruisreactie met het antidehydrine antilichaam, bevestigen 
deze resultaten niet dat het vivipare embryo de noodzakelijke bescherming tegen 
uitdroging ook heeft. Dit wordt veroorzaakt door de onzekerheid over de ware 
identiteit van de eiwitten zoals waargenomen met behulp van polyclonale 
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antilichamen. Derhalve werd een meer specifieke benadering gebruikt om de 
homologie van het kruis-reagerende (dehydrine-achtige) eiwit met bekende 
dehydrines te analyseren. 
 
In hoofdstuk zes worden dan ook de pogingen gepresenteerd om homologie aan te 
tonen tussen het gedetecteerde dehydrine-achtige eiwit en bekende dehydrines 
middels een cDNA benadering. Tevens is in dit hoofdstuk de poging tot identificatie 
van een factor voor embryo rijping, met name ABI3 (abscisine zuur ongevoelig) 
opgenomen; het is bekend dat deze factor de kiemrust in Arabidopsis thaliana 
beïnvloedt. Mutanten voor het ABI3 genproduct zijn ongevoelig voor ABA en 
vertonen een gereduceerde kiemrust dan wel viviparie. Dit aspect werd opgenomen in 
het onderzoek onder de aanname dat de aanwezigheid van ABA in R. mucronata 
embryo’s, die geen kiemrust kennen, veroorzaakt zou kunnen worden door 
ongevoeligheid van het embryo voor het hormoon, in plaats van of mede door 
onbekende inter-agerende factoren. Ondanks talloze pogingen en vele wijzigingen in 
de gebruikte PCR protocollen, werden geen succesvolle gegevens noch voor de 
dehydrine-achtige factor, noch voor ABI3 verkregen.  
 
In hoofdstuk zeven wordt een analyse van de hoogtepunten en valkuilen van het 
gehele onderzoek geschetst, als ook een pad voor verder onderzoek aan R. mucronata. 
Tevens heb ik een aantal vragen geformuleerd aangaande viviparie die verder 
onderzocht kunnen worden. Deze zijn eerstens, het evolutionaire belang van 
endosperm differentiatie en geassocieerde organen, zoals de suspensor, in 
angiospermen; ten tweede hoe kan een enkel hormoon zoals ABA meerdere functies 
uitoefenen in hetzelfde weefsel en hoe wordt bepaald welke functie belangrijker is; 
ten derde wat is de functie van dehydrine-achtige eiwitten in, mogelijk, de opbouw 
van zout-tolerantie in  R. mucronata en tot slot hoe ABA wordt gereguleerd op 
moleculair niveau. Een  samenhangende analyse van de gestelde vragen zou 
uiteindelijk kunnen resulteren in het begrijpen van viviparie in R. mucronata.  
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MUHTASARI 
Katika tasnifu hii spishi isobwete ilitumika katika kutafuta sababu mahsusi 
zinazoruhusu ukwepaji wa mchakato tata na kimsingi ya ubwete katika uundaji na 
usambazaji wa mbegu. 
 
Kwenye sura ya kwanza spishi husika, Rhizophora mucronata Lam., na kiongozi cha 
njia ya uchunguzi iliyofuatwa inawasilishwa. R. Mucronata ni mkoko uche usiopitia 
ubwete, ikiendelea kutoka zaigoti hadi kiinitete, kizalisha na mwishowe mche bila 
kuwa na kipindi cha mapumziko.  Taarifa kutokana na tafiti juu ya ufaridi wa sifa 
bainishi ya uche ilionekana tu katika spishi za tropiki na karibu na tropiki ikiashiria 
homoni ijulikanayo kama tindi kali ya abscisic (ABA) kuwa ndiyo chanzo cha 
kutokuwepo kwa ubwete. 
 
Taratibu zilizotumika katika uchambuzi wa ABA kwenye viinitete zilichukuliwa 
kutokana na zile zilizotumiwa kwa ajili ya tishu uoto (k.m. katika Xanthium 
strumarium) ambapo utendaji wa ABA umetafitiwa sana, hasa wakati wa makuzi ya 
majani.  Hakujawa na utafiti kama huo kwa ajili ya makuzi ya majani ya R. 
mucronata, majani yanayozeeka yanaonyesha kuwa na kiwango kikubwa cha ABA na 
hakuna vikaushi – kama protini ikiashiria kuwa homoni hiyo haina jukumu la ziada 
katika uzeekaji zaidi ya ulinzi wakati wa kukauka.  Kikaushi – kama protini 
kinaaminiwa kutoa ulinzi dhidi ya kukauka wakati wa makuzi.  Majani yanayokua 
huonyesha kuongezeka kwa wingi wa kikaushi – kama protini kwenye 64kDa na hii 
ilitokana na kukua na ukaushi uliofuatia au uvumilivu wa umunyu wa seli. 
 
Baada ya kukamilika kwa taratibu za uchunguzi, uwekaji wa hatua za viinitete vya R. 
mucronata kwa nia ya kulinganisha makuzi ya maumbile na mabadiliko katika wingi 
wa ABA ulifuatia.  Matokeo katika sura ya tatu yanaonyesha kwamba kuna tofauti 
ndogo ya maumbile kutoka kwenye mbegu bwete.  Hata hivyo, baadhi ya hali zisizo 
za kawaida ambazo zinaweza kutokana au kutotokana na utendaji wa ABA 
zilidhihirika.  Hali hizo ni pamoja na kuwepo kwa viangiko visivyokatika na kiasi 
kikubwa cha vilishatete vyenye viribamaji.  Tishu hizi mbili faridi vinadhaniwa kuwa 
vinasaidia katika uhai wa kiinitete uche kuliko kuwa sababu ya uche. 
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Katika sura ya nne hatua zilizoainishwa kwenye sura ya tatu zinachambuliwa kwa 
ajili ya ABA kwa kutumia uziduzi wa ‘ovule’ nzima na kingajanibu inayotokana na  
ujanibishaji maalumu wa tishu.  Sura hii ndio kiini cha tasnifu kwani inachambuzi 
ABA ya uche katika makuzi na matokeo yake ndiyo yanayofanya msingi wa sura 
zinazofuata.  Kwa kulinganisha mbegu bwete hatua mbalimbali za tofauti ya historia 
na ukomavu hazikuonyesha kuongezeka kwa wingi wa ABA kama inavyodhihirishwa 
na uziduzi wa ovule nzima na kingajanibu.  Ni wakati wa hatua hizi ndipo kiwango 
cha ABA kinadhaniwa kuwa ni muhimu katika kuanzisha ubwete kwenye mbegu 
bwete.  Licha ya kuwa kiwango cha ABA katika hatua hizi ni cha chini kuliko katika 
hatua za awali za makuzi, homoni iliyopo inaashiria kwamba utaratibu wa usanidibio 
unafanya kazi na kwamba kuna uwezekano wa sababu nyingine za kuwa na kiwango 
cha chini cha ABA.  Sababu hizo zinaweza kuwa katika hatua za uzalishaji au ulaji 
kwani vitangulizi vya ABA na mataboliti za ABA hutumika katika shughuli 
mbalimbali za metaboli. 
 
Hatua iliyofuata katika uchunguzi ni kuangalia nduni kuu za kiinitete bwete, yaani, 
uwezo wa kukauka kabisa unaowezeshwa na kuwepo kwa kundi faridi la protini 
linaloanzishwa na ABA pamoja na misongo mingine ya mazingira.  Kuwepo kwa 
protini hizi kwenye mbegu bwete kunaashiria utoaji wa ulinzi kwa viwambo seli 
wakati wa upotevu wa maji, ingawa utaratibu halisi haujaeleweka kikamilifu.  Katika 
sura ya tano kategoria za viinitete vya R. mucronata zilitathminiwa kwa ajili ya 
kuwepo kwa protini zinazojulikana kuwa ni vikaushi kwa minajili kuwa kutokuwepo 
kwake kungesababisha hali ya usambazaji uche.  Vikaushi hutokea sana katika 
makundi ya mimea mbalimbali na hivyo zindiko klonimahuluti la miche yote 
lilitumika kutambua na kuwa na kanizuizi mtambuko.  Licha ya kuwa na kanizuizi 
mtambuko katika zindiko zuizikaushi, matokeo haya hayathibitishi kuwa viinitete 
uche vina ulinzi unaohitajika kwa ajili ya ukaushi kamili.  Hii inatokana na kutokuwa 
na uhakika wa utambuo halisi wa protini zilizoonekana unaosababishwa na matumizi 
ya zindiko klonimahuluti.  Hivyo ufuatiliaji mahsusi ulifanywa kutathmini mfanano 
wa protini kanizuizi mtambuko (zinazoitwa vifanani vikaushi) ikilinganishwa na 
vikaushi vinavyojulikana.  
 
Kwa hiyo, utafiti wa mwisho unaoelezwa katika sura ya sita unawasilisha majaribio 
ya kutafuta mfanano wa vifanani vikaushi na vikaushi vinavyojulikana kwa kutumia 
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njia ya cDNA.  Katika sura hii kuna majaribio ya kutambua sababu ya kukomaa kwa 
kiinitete hasa AB13 (kilichoshadidi asidi absisi) ambayo inajulikana kwa kuathiri 
ubwete kwenye Arabidopsis thaliana.  Mimea iliyobadilishwa kwa matokeo ya jeni 
AB13 haiathiriwi ABA na inaonyesha ubwete au uche uliopungua.  Kipengele hiki 
kiliingizwa katika uchunguzi kwa maana kuwepo kwa ABA katika viinitete vya R. 
mucronata visivyokuwa na ubwete kunaweza kusababishwa na kutoathiriwa kwa 
viinitete hivyo na homoni kuliko au kwa kujumuika kwa sababu nyingine pandikizi 
zisizojulikana.  Licha ya majaribio kadhaa na marekebisho ya taratibu za PCR 
zilizotumika, hakukuwa na matokeo dhahiri yaliyofikiwa ya sababu za vifanani 
vikaushi au AB13. 
Mwishowe, sura ya saba inawasilisha mchanganuo wa dhana kuu na vikwazo vya 
utafiti mzima na kutoa mustakabali wa utafiti zaidi wa R. mucronata.  Vilevile, 
maswali kadhaa kuhusu uche yanatolewa kwa ajili ya utafiti zaidi.  Haya ni kwanza, 
umuhimu mgeuko wa utofautishaji wa kilishatete na viungo husika kama vile 
viangiko kwenye viinifunge.  Pili, jinsi homoni moja kama ABA inavyofanya kazi 
nyingi katika tishu ileile na nini kinaamua kazi ipi ni muhimu.  Tatu, protini za 
vifanani vikaushi zina kazi gani katika uwezekano wa kustahimili umunyu katika R. 
mucronata, na mwisho, jinsi ambavyo ABA inarekebishwa katika kiwango cha 
molekuli.  Utafiti wa kina kujibu maswali yaliyoulizwa yanaweza mwishowe kusaidia 
katika kuelewa uche katika R. mucronata. 
 
Curriculum vitae 
 
 132 
Curriculum vitae 
Born to Mr and Mrs AbdulRahman Ismail on 2nd May, 1968 in Arusha, Tanzania, 
Flora AbdulRahman Ismail is the author of this manuscript.  For her A’levels at 
Weruweru Girls high School (1985 -1987) she studied sciences and at bachelor level 
was selected to study Biology, Chemistry and Education at the University of Dar es 
Salaam (1988 – 1992).  Following the bachelor degree she did a thesis based masters 
in Forest Ecology at the University of Dar es Salaam and was awarded her MSc 
degree in 1997.  After a short break to gain some working experience as an 
environmental consultant (Norconsult (T) Ltd., 1996 – 1998), Flora joined the 
academic staff at UDSM in December 1998 as an assistant lecturer in Plant 
Physiology at the Botany Department.  Under the collaborative MHO-ENVIRONS 
project between the Faculties of Science of USDM and the Katholieke Universteit 
Nijmegen (KUN now the Radboud University) in March of 2000 she commenced a 
PhD in mangrove physiology that culminates today.  In the four years of her PhD 
Flora has attended several courses and conferences related to Plant physiology and 
mangroves in particular.  In Tanzania Flora currently teaches undergraduate Plant 
physiology and is conducting research on tomatoes for cultivation in arid and semi – 
arid areas. 
 
Oral Presentations 
 Tree species distribution in Pugu Forest Reserve, Coast Region, Tanzania.  
Workshop on Biodiversity at the University of Dar es Salaam, 18th - 19th 
December 1995. 
 Abscisic acid biosynthesis in developing Rhizophora mucronata embryos.  
The Scientific symposium on Environment held at the University of Dar es 
Salaam. 23rd to 26th September, 2002. 
 What regulates vivipary in mangroves?  Lunteren, The Netherlands, April, 
2004. 
 What regulates vivipary in mangroves?  EVEN/ENVIRONS workshop at 
Whitesands Hotel, Dar es Salaam, 22nd – 23rd June 2004 
 
 
 
Curriculum vitae 
 133
Poster Presentations 
 Zeaxanthin concentrations determine ABA synthesis in viviparous mangrove 
embryos. International Symposium on mangroves.  Tokyo, Japan, 12th July to 
15th July, 2001. 
 ABA and vivipary in the mangrove Rhizophora mucronata. 24th to 28th May, 
2004, 3rd International symposium on Plant dormancy, Wageningen, The 
Netherlands 
 
Acknowledgements/ Dankwoord/ Shukrani 
 
 134 
Acknowledgements 
Science was the discipline my heavenly father Abba, planned for me and through 
which my earthly father, AbdulRahman Ismail guided me into with the constant 
quests; What? Why? When? Which? Where? Who? How?  After four years of 
research I have tried to answer some of the questions I sought to only to find out that 
they in turn are questions!  And for this I am to be awarded a certificate, a doctorate at 
that! 
 
It is only through human conceit that only my name appears on the cover of this 
manuscript while in reality all that is documented here is the joint effort of many to 
whom I shall be always indebted.  And rather than admit this in the beginning I have 
left it to the end hoping that you are too tired to read these last pages!!  I am truly 
grateful to all those I mention and many more that I have not listed.  Due to the slow 
progress in Microsoft’s’ R&D I could not fit all names in the first row as deserving, 
and I literally have to thank people from A to Z! 
 
The research was funded by the MHO-ENVIRONS Project hosted by the faculties of 
science at both UDSM and KUN (now the Radboud University).  When all the project 
negotiations were complete I set out to study mangrove physiology in The 
Netherlands, little did I realise the challenges ahead of me.  The science I was to 
embark on was not only new to me but to the lab I was to spend the next four years, 
and only with the patience and brilliance of the people I worked with am I able to 
submit this work.  Titti, your love for science and people is unfathomable, under your 
guidance I have learnt that one can do research anywhere on anything as long as you 
communicate.  Your critical assessment and constant encouragement have helped me 
set out my future as a plant scientist.  Jan, promoter and friend, you are always at 
hand to look at what I had under the microscope and discard what were figments of 
my imagination.  In reading the manuscript, you plied me with literature and questions 
to ensure I had the facts right, all is much appreciated.  Outside the lab both Jan and 
Titti ensured that I was socially provided for, with you both, life in the Netherlands 
was indeed a field of blossoming flowers.  Back in Tanzania, Dr Muruke my local 
supervisor played his part in convincing UDSM that I was truly hard at work on the 
PhD, thank you for your confidence in me. 
Acknowledgements/ Dankwoord/ Shukrani 
 135
 
The crucial part of any lab is the group you have to work with every day.  I was 
blessed in that I had an excellent batch of ‘weekend’ folks!  Richard, it is easier to 
thank you for what you did not do rather than for what you did do it would save paper 
(see I did pick up a few Dutch habits…), thanks for the science, the patience taking 
me through the Greek of Molecular techniques, I hope you do not mind but I have 
borrowed a few hairs from your head for a cloning experiment I have thought up.  
Never again will I bat an eyelash without recalling my big boo boo (horse hair 
indeed..!), Mieke learning techniques in microscopy and tips on raising children from 
you has been most rewarding.  Huub van de SEM and Bart van de TEM jullie zijn 
gelukkig dat jullie mooie vrouwen hebben die jullie sterk en aardig gemaakt hebben, 
bedankt voor alles. When I got to the high tech world of HPLC, I had Rien, ever 
patient and always repairing the machine I never broke!  Liesbeth your mastery at 
digital imaging and microscopy helped beautify Rhizophora, you always found time 
to chat about science and life with me, a real treasure.  Jelle, you taught me the 
importance of knowing the escape routes to a room in case I was to be locked in, your 
humor made my days.  Else, jouw schouder, stem (mooie zingen), recept verwijden, 
winkelen en spelen met Cindy en veel meer, ik kan jou niet genoeg bedanken!  Mijn 
collega’s, een vrolijke groep binnen en buiten het lab jullie zijn het beste!!! Jeroen, 
eten bij jou en Judith was altijd gezellig en lekker!  Marc, Maurice, Ivo for your 
patience with Ms Cindy when she landed at the lab and help with my project I say 
bedankt!  Koen and Wim your queries on embryo development and ABA kept me 
awake quite a few times, that is the joy of science.  Karin and Tamara thanks for the 
chats and fun doing girlie stuff!  Chiara and Anna your presence in Nijmegen when I 
first came made it so much easier adapt, I leave well entrenched in the pasta faith and 
a passion for children’s books.  Peter the Dutchman who can Salsa in the lab Wow!  
Lisette, my first ever student thanks for joining the ABA world.  Manoko, nashukuru 
kwa msaada wako kwa kipindi hiki, ubarikiwe.  The group upstairs new (Tom Gerats) 
and old (George Wullems), the borrels and work meetings I will miss them all!  
Thanks!  The people in the Chemistry department who gave me advice on the 
quickest ways to dry my samples and run sample checks I am deeply grateful. 
 
One of the pros about working with mangroves in the Netherlands meant a trip to the 
zoo in Arnhem was inevitable.  There Joep Wensing Manager of the Zoo waved a 
Acknowledgements/ Dankwoord/ Shukrani 
 
 136 
wand granting my scientific wishes.  A train stop away from Arnhem is Wageningen, 
where at Plant Research International Evert Davelaar let me pick his genius on all 
indirect ELISA tricks.  Thank you both for your patience and assistance in my 
research. 
 
Trying to organise accommodation with a child in Nijmegen among other things was 
one of my biggest challenges, Arjan your hospitality and friendship is much 
appreciated not to mention ‘het lekkere eten and oppassen’.  Bureau Buitenland 
(Marijke en Wilhem Scholten) jullie hadden altijd tijd om met mij te praten over wat 
moet en hoe het gaat in Nederland, hartelijk bedankt!  As though my life were not full 
with social and scientific interaction I made friends outside the large circle of people 
that supported me in the strange things I did at the lab.  Blandina, I admit the words 
‘Thank You’ do not suffice for all the support and arranging that I received specimens 
on request, but words are all I am allowed here.  House group and ANC church 
members, your prayers and support leave my heart yearning for more you truly are my 
extended family. 
 
And finally, on the other side of world is an equally long list of people who held up 
the fort for me so that I could concentrate on my scientific quests.  Flora Michael, 
umekaa na wanangu kwako nimeona mfano wa ukristo, Mungu akubariki, 
akuzidishie.  Maua, utaalam wako katika mikoko hapo Mbweni umeniwezesha 
kukamilisha zoezi hili kwa mafanikio, ninakushukuru sana.  At the mention of a ‘long 
weekend’ I was off to either Bruxelles or Driebergen to vegetate on a couch, tante 
Ethel, Caritas, Clem and Moka thanks for providing the tea and cookies you are great.  
My mother Sarah and siblings, Sam, Francis, Lucy and David you have always been 
there, Trona and my kids, always unforgettable!  Schat Cindy, je bent mijn lieveling, 
oudste dochter en mijn vriendin, bedankt voor jouw stem toen ik ver weg was, ik houd 
van jou! Sweet Janine my very own viviparous embryo, born into my research 
revitalising my balance of motherhood and science, thanks!  And last but truly the 
best my soul mate, Pi with you by my side life will always be a cloud nine 
experience!!! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
 
Chapter 3 Images  
 
 
 
 
Appendix 
 
 
 
Fig 3: Stand of R. mucronata trees at Mbweni fishing village.  (Chapter 3) 
 
Fig 5: Categorisation of R. mucronata developmental stages described in Table 1.  Grey panels show 
external ovary changes for stages 1 – 9, scale bar 2mm.  Black panels show external morphology for 
ovules that correspond to ovaries shown in grey panel on left, scale bar 2mm.  In all images micropylar 
region faces down.  a) Flower at anthesis (1) with anthers and corolla intact.  b) Ovule (1) at anthesis.  
c) Flower (2) with anthers and corolla fallen off, stage 2.  d) Ovules stage 2 attached to ovary with 
micropylar region facing upwards.  e) Stage 3, calyx flattened out and ovary diameter increasing.  f) 
Ovule stage 3 micropyle closed.  g) Stage 4, calyx green and 90o to ovary.  h) Ovule (4) opaque peach 
coloured, micropyle closed.  i) Stage 5 ovary distended vertically from calyx.  j) Ovule (5) enlarged 
micropyle with white mass in micropyle region, the endosperm.  k) Ovary (6) green increased height 
and diameter.  l) Ovule (6) increased diameter and micropylar opening by endosperm.  m) Ovary (7) 
calyx bent toward petiole, ovary dark green.  n) Ovule (7) micropyle fully opened by endosperm.  o) 
and q) Stage 8 and 9 vertical and horizontal view.  p) Stage 9 with hypocotyl evident outside 
micropyle.  r) An aborted stage 8 embryo.  (Chapter 3) 
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Figure 6: LM preparations stained with Toluidine blue from various stages of developing R. 
mucronata embryos.  a) L.S. Ovule showing nucellus and integuments.  b) L.S. Filiform apparatus of 
synergids.  c) L.S. Embryo sac.  d)C.S. Stage 4 embryo, globular surrounded by endosperm transfer 
cells.  Inset shows suspensor also surrounded with endosperm transfer cells.  e) C.S. Stage 5 embryo, 
posterior end showing site of differentiation.  f) L.S. Stage 6 embryo, club shaped.  g) L.S. Stage 7 
embryo, heart shaped.  h) L.S. Stage 8 embryo torpedo shaped.  Inset shows persistent suspensor.  i) 
C.S. Stage 9 C – shaped toroidal hypocotyl at germination with vasculature.  Scale bars a – c 20µm; d 
50µm including inset; e & f 100µm; g – h 200µm.  N = nucellus; Inn int = inner integument; out int = 
outer integument and End = endosperm. L.S = Longitudnal section; C.S = Cross section.  (Chapter 3) 
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Fig 3: Left panel shows positive anti ABA activity and right panel shows pre-immune staining for 
corresponding stages on left.  a) Stage 4 embryo showing concentration of cells in distal region where 
meristems initiate.  c) Stage 7 embryo meristems clearly defined; suspensor evident but not stained.  d) 
Stage 9 emerged embryo, suspensor persistent.  II = inner integument; Emb = embryo; End = 
Endosperm; S = Suspensor; SAM = Shoot apical meristem; RAM = Root apical meristem; Cot = 
Cotyledon.  (Chapter four) 
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Figure 2: LM images from immunolocalisation of R. mucronata embryos.  The left panels show 
embryo sections incubated with anti-dehydrin.  The right panels show same stage sections incubated 
with control buffer.  a & b)  Stage 6 embryo, scale bar 100µm; c & d) Stage 8 embryo, Scale bar 
200µm; e & f) Stage 9 embryo, scale bar 200µm.  Arrow = micropyle position.  Emb = embryo, End 
= endosperm, Cot = cotyledon, SAM = shoot apical meristem, RAM = root apical meristem.  Dark 
spots are tannin in cells.  (Chapter five) 
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